
ANNALS OF THE NEW YORK ACADEMY OF SCIENCES 
Volume XLVni, Art. 2. Pages 31-218 


Editor 

Roy Wi^tJDO Miner 

Consulting Editor 
Hans T. Ciabke 

Associate Editor 

Mxohabl Dbmarkst 


ANTIBIOTICS 
Pasts I and II 

Bt 

Wkunek W. Dubmi-ino, Oareibld O. Duncan, Wililum H. Feldman, 
J. W. Foktku, a, TlBRVBYj'iH. O. Hinshaw, M. J. Johnson, F. 
KAVANACixr, A. Klbinman, Hans Moutob, Edwin Polasei, 
Gboefrey Rank, Kenneth B. Eateb, D. M, Rbynolds, 
Arthur P. Richabdson, W. J. Robbins, H. Robin- 
son, A. SOHATZ, Sblman a. Waksman, and 
H. B. WoowroEF 



NEW YORK 

rVRL.I»IIIt9 BY THB AOABBUT 



THE NEW YORK ACADEMY OF SCIENCES 
(LYOETcrM: or Natubai. Histoby, 1817-1876) 


OFFICERS, 1946 
President; Wai/tbr H. Bvonm 

Viee-Presidmts: Chables U. Bbiwe, Ja.; Ross F. Niomu; EMu.y T. 
BtmB; Gbobgib Ubezoo; Josbph S, Fbctok; Amibiatan F, Sviijuus 

Recording Secretary: Ciubles M. Bbbdbb, Jb. 

Carrespcnding Secretary: H. BBHBassY Jounron 
Treasurer: Habdbn F. Taylob 
Librarian: Ebioh M. Sohiaixjbb 
Editor: Roy WAiiDO Mikbb 
Elected Councilors: 

1944r-1946: ViCTOB K. LaMbb; Thbodobb SubdIiOvskt; Wiuicra G. 
Maik^m 

1945-1947: Ralbh H. Chbnby; Robert Cosuman MuBiniy; Hek- 
bbbtF.Sobwabz 

1948-1948: Hanb T. Ciabkb; Chakubs Qudn Kma; Hans Moutob 
Finance Committee: W. Rbco Bi^aib (Chaaman) ; Mabvin D. Thukk; 
Absisoit Webb 

OFFICERS OF SECTIONS 

Geology and Minbealogy 

Chairman: Chablbs H. Bbhee, Je. Secretary: Abthoe N. SniAfiLKB 
Biology 

Chaiman: Ross E. Nigeblu. Secretary: Charlis R. Sohhobdeb 
Psychology 

Chairman: Emily T. BtrsE. Secretary: S. Stanswo SAnmoNT 
Anthbobology 

Chairman: Ghoegb Hbezog. Secretary: Waltbe Dyk 
Physios and CHBMisTEy 

Chairman: Joseph S. Fboton. Secretary: Tdbnb&ei Alpbby, Jb. 
Oceanogbapby and Mhibohology 

Chairman: Athhlstan F. Spilhaot. Sea-etary: John 0. Asm- 





Annals Tirw Nmw Yokk Aoadkmy op Sciences 
Volume XLVIll, Ain\ 2. Pacjks ;n-218 
Septkmukk 27, I9*l() 

ANTIBIOTICS^ 

Part I : MICROBIOLOGICAL 
Part II: PHARMACOLOGICAL 

By 

WeUNER \V. I)lIKMLIN<J, <}aHKIELI) ( }. I)llN(AN, WlLLIAM II. FbLDMAN, 
J. W. Foster, A. Hekvev, T1. (/. IIinsiiaw, M. J. Johnson, F. 
Kavana<{ii, a. Kleinm\n, Hans Molitoh, Kdwin Pulaski, 
(}E0PEHi*n Bake. Kenneth B. Hapeh, 1). M, Reynolds, 
Autihir l \ Rr'iiardson, W. j. Robbins, U. Robin- 
son, A. S<Mivrz:, vSelman A. Waksman, and 
H. B. WoODHlIEK 


CONTENTS 

P\HT I 

PAGE 


AnTIBIOTK’ StIHSTANCMS ( 'oNTHlHI TION OF THW iM B’UOHIOIAKUST. Jiv SkLMAN 

A. WxKhMAN 35 

Tni'J I)M\EIiOI»MENTOK IMI*U0\ KI> I’ENiriLI.IN-PltODIUTNO MoU)S. By KeNNETH 

B. Hxpkk. .. ... 41 

Metabolism ok ID'.nkmllin-Phooi c‘in<j Molds. I^y M. J. Johnson 57 

PRODr<TioN OK Am'ibiotio Sobstxm’Es in !Usn)ioMY(’ETEK. Br William J. 

Bobbins, Fheiiekk'u Kwxnvcjh, and .Vnneti’e IIervey (>7 

PiioDi'cTioN OK ANrinionr Su*st\noes by A(Tinomy<’Eteh. By Helman A. 

W\KSM\N, Aliu-jut Son \TZ, \ND l)oN\LD M. Hexnolds 73 

Antihiotb’ Si Bf.T\NOM,s PuoDi <‘i',D in Bxotehia. By Ja<’kson W. Poster and 
n. Boyd Woonitt i k . 87 


Part II 


'riiE Pn\RM\roLn«a oi« Strep iotiiiuoin \nd Stueitomycin. By Hans 
Molitor . 101 

STREPn>MV<MN \ND STUEPTO’ClIUKnN : 1’HE ABSORPTION, lOxt’RETlON, ANdOhEMO- 

Tii ERA PE 0TB ' Properties. Bx IKhry J. Bohinson IIO 

PitAUMAOor,o( yok I*enb’illin. B\ (iEokkrey Bake \nd AKTiaritP. RB’UAttDSON 143 
Strei»tomv<'in in Trevtmentok (‘linb’xl \nd Experimental I'lTBEUPULOHis. 

By II. (‘OHWIN IIlNSHWV AND WlLLIVM II. FeLDMAN 175 

Some (’onsidervpions op the (’ljmoal Application ok S'riiEPayiMYcTN. By 

Kdwin IMilvsm, a. Kleinmvn, and (Iarkield («. Dbni'an 183 

CiiiNicAL Mxperiences WITH Penicillin in the Navy. By Werner W. 
Ddemlinii 201 


*ThiH HorM*H of pODorH w tho nwiH. ol ii CNmlonwo on AnIibiotioN h(*ld by the S«*tion of Biol- 
EY of Th(« Now York AoimIoiov of Soionoow, .Iitinuiiy t7, 18, nnd IS>, 1046. , . „ , 

f Pul >1 ion Don liwub* jioHHiblo (biouffb n yiniil lioin Ibo <N>nl<Toiioo PubliontioiiH Rovolviiip; luud, 



Cop\Riciiii 1010 

Bl 

The Ni w York AcADLMi or be ii N( i s 



ANTIBIOTICS 

l*AKI I 

MICROBIOLOGICAL 




ANTIBIOTIC SUBSTANCES— 
CONTRIBUTION OF THE MICROBIOLOGIST* 

JJy Sklman a. Waksman 

New Jirsi!/ Ayricultural Jixpcrimt nt Station, Rvfgrra Vniucrsity, 
N<w linini^wirk, New Jcr^^ey 


Just about five yoars ago, iit the meetings of the Society of American 
Bacteriologists in Saint Louis, during Christmas 1940, the author was 
requested to jn’esicle over a round table discussion on the subject of the 
production of antibaelerial substances by microorganisms. Both the 
organizer of (hut round table, Dr. Dubos, and the proposed Chairman 
faile<l to secure enougli participants for that two-h(Jur discussion. No 
bett,er e.xuinple can serve to illustrate the tremendous progress made in 
this new branch of science, namely that of Antibiotics, than to point to 
this Confercn(!c which W(‘ arc about to open. It was, now, not a ques- 
tion whal- subjects to discuss and what speakers to invite, but to decide 
what <‘ould he left oui, and who among the numci'ous workers on tliis 
subject were most able to represent the various aspects of this field of 
research and appli<‘ation. Certain important aspects of the subject had 
to bo left out entirely, ft is sufficient to mention, for example, the 
chemistiy of the antibiotics, other tlran penicillin, tlie mode of action 
of antibiotics upon bacteria, tlie increased resistance of bacterial strains 
to a given antibiotic, and others. 

Various scii'nces have contribute<l to the development of the science 
of antibiotics, but none more than microbiology and chemistry. The 
resulting practical apidications have been outstanding, but none has 
be('n more iniportanti than in the treatment of human diseases. 

The contribution of the, microbiologist to the science of antibiotics 
has proc(‘e<led along four (listinct patiis, which can be briefly summar- 
ized as follows: 

1. The Fate of Disease-producing Bacteria that Find Their Way 
Into the Soil. With th<* rapid pi'ogrcss of medical bacteriology dur- 
ing the seventh and eighth decades of tlie last century, fear was ex- 
pressed that pathogenic bacteria which find their way continuously into 
the soil may rendi'r the latter a source of infections and epidemics. 
A careful study, thcreforoj was undertaken of the bacterial population 

* JouriuU Swiwi Vaiw, Now jMsoy AgrieuUuroI Expmimoit Station, HutgoiB Univenity, D^art- 
mfmt of Microbiology. 
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of the Boil and of the survival of pathogenic organisms in (he soil. The 
results obtained from these invest igations failed to substantiate (he 
above assumption. On the contrary, it was found tliat the great ma- 
jority of (lisease-producing bacteria raindly die out in tlie soil. It was 
oven suggested that this may be due to the activities of the native-soil 
microbiological i)opula(iou. Although a number of antagonistic or- 
ganisms were isolated, and methods developc<l for measuring their anti- 
bacterial properties, no attempt was made, in most instances, to obtain 
the active agent in pure form and to apply it for the control of 
infections. 

2. Studies of Mixed Infections. Beginning with the fn-st observii- 
tion of Pasteur, in 1877, that antlirax may not develop in infected 
animals when accompanied by common bacteria, it was rt'ix'atedly 
shown that mixed infections do not behave in a nianmT similar to in- 
fections caused by pure cultures of pathogenic bacteria. The non- 
discase-producing, or the saprophytic, organisms that accompany the 
pathogenic forms in the mixed culture modify considerably the ac- 
tion of the latter, and frequently repress them completely. Although 
Cantani first attempted, in 1885, to utilize this phenomenon for the 
control of infections, no important practical results were obtained 
from these observations, due to the impossibility of conti’olling the 
relative development of the pathogen and the saprophyte. 

3. The Gradually Accumulating Information Concerning the Micro- 
biological Population of the Soil. This information has yielded a bet- 
ter understanding of the specific composition of the complex microbial 
population, of the occurrence of various fungi, bacteria, an<l actino- 
mycetes, and of the associative interrelations among tlie nunnla-rB of 
this population. These interrelations comprise both synergistic aiul 
antagonistic effects, ft was shown that some of these effects can be 
utilized in the control of important plant diseases. The addition of 
certain forms of organic matter to the soil results in tlu* development 
of a specific microflora which can keep in check the growth of certain 
plant pathogens. 

4. Accidental Observations of the Effects of One Organism upon An- 
other, Growing upon a Culture Plate or in a Liquid Medium. Numer- 
ous observations of this nature have been made by the plant pathologist, 
in his studies of the effects of one fimgus upon another; by the soil 
microbiologist, in his observations of crowded plates made from soil 
suspensions; even by the medical bacteriologist, on bacterial plates con- 
taminated, by chance or on purpose, by a fungus or by an actinomycCH. 
Such observations frequently led to important deductions, as was the 
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cnso of the observililion made by KleminK, bi 1929, concerning the anti- 
ba<deriiil aetiou of a green mold, later hhaitified •AaPeniciUhimnotatum. 
TliiiS obM'r\’a(ion h'd Kleniiui!; to deKignnte (he aeliv(' Hubstanee pro- 
duced by the mold as FcmciUiti. Although pinicilUc acid anti gliotoxin 
have been Isolated lielore piMiieillin, and although extracts of Asper- 
gdlutt fiiwigahitt have been utilized by Vandn'iner, as far buck as 1913, 
for the treatment of tuberculosis infeetions, neither of these obsei’va- 
tions and eonelusions It'd to any such si)cctacular developments as 
those niiide by h'lenving. 

Tims, a ctmsideriiltlt' Jimount of information has gradually accumu- 
latt'd coiiet'niing the ])ro(hi(‘tion by microorganisms of chemical sub- 
stance's, dt'signatt'd tis antibiotics, which possess marked antibacterial 
properlit'B. Somt' of Ihesi' substances are formed by bacteria; others 
are produt't'tl by fungi; still others, by actinomycctes. Finally, when 
Dubos dt'inonsl ral t'd, in 1939, Unit microorganisms can be isolated from 
lilt' soil which luive tht' c!H)acity tt) protluce, under certain conditions 
of t'ullurt', substanct's that nt)t only possess antibacterial properties 
in vitro, but art' also tictive in vivo, thus offering promise as agents to 
bo utilizt'd for chemtitht'rapt'utic purposes, a marked stimulus was 
givt'u tti lilt' tlt'velfipuu'ut ttf the subject of antibiotics. This led to a 
rt'examinatitui of the pht'nomena of antagonistic effects of various mi- 
mitirganisms, and to ti t'ttmprt'ht'nsive study of the production by micro- 
organisms tif antibat'tt'rial agents and their possible utilization for dis- 
ease ctiutrtil. A numbt'r t>f antibiotic ^ibstances have been isolated, 
llowevi'r, tinly two of Iht'st' mtiy be considoretl in further detail; name- 
ly, penicillin and slreploinycin. 

Although I'leming’s tiriginal observation has commonly been re- 
ft'rrt'tl to as at'cidt'ntiil, it must be emphasized that he fully recognized 
that pt'nii'illin had a “strong inhibitory t'ffect on many of tlic common 
bat'lt'ria which infi'ct thi' liumau btitly, but w’hii'h was not toxic to ani- 
mals or to human li'in'oeyti's." He also visualized the potentialities of 
I, his subslanet', as shown by a further statement that “it is likely that 
it, or a chemical of a similar nature, wdll be used in the treatment of 
septic wounds." Kleming, however, did not isolate the new agent from 
the cullurc' medium and failed to lind immediate practical application 
for it. It n'lnained in the nu'dimn, in a vci'y dilute form, and no ef- 
fort was madi' to determine its chemotherapeutic properties. 

Florey, Chain, and fhi'ir associates, comprising the Oxford group, 
must b(' I'l’i'ditt'd with having established the potentialities of penicillin 
as an agc'ut lor llu' In'atment of disease. This team of chemists, bac- 
teriologists, and pathologists uialcrtook a survey of the ability of vari- 
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ous microorganisms to inliibit the gi’owth of bacteria. In ilic words of 
the authors, “It occiuTod to two of them that it woultl be j)r()fitable to 
conduct a systematic invcbtigatiou of the chemical and biological prop- 
erties of the antibacterial Mibstanccs produced by bacteria and inoldH.” 
Out of the various antibiotics already known and recordeil in the hcu'ii- 
tific literature, they gave first consideratum to pyocyauuhe and peni- 
cillin. They soon discovered that tlie latter ofl'eri'd the greater promibe. 
Suitable methods were developed for growing the fungus; for iholat- 
ing tlie antibiotic agent, penicillin, from the medium; for testing its 
antibacterial properties; and for establishing that it can he used thera- 
peutically, for the control of certain important hunuin diseases. These 
investigators were also responsible for bringing to the attention of the 
American medical W’orld and of American industrial organizations the 
great potentialities of this new antibiotic, as an agent for combating 
certain serious human diseases. 

It remained, finally, for American industry to make' possible the pro- 
duction of penicillin. The yield of penicillin in the ineiliuin, as a re- 
sult of the growth of the fungus PenicilUuin noUituui, was increased 
from 2-4 Oxford units per milliliter to 200 and l,(KK) units pc'r milli- 
liter. New and very active strains of the penicilliji-producing fungi 
were isolated. Finally, the deep or submerged method for llu* produc- 
tion of penicillin on a large practical scale was developed. Penicillin 
was isolated, crystallized, and its chemical nature dctermiiu'd. This 
remarkable development in the production of penicillin has, finally, led 
to a rapid rise in its use, on a scale never dn'amed of even 3 or 4 
years ago. 

The development of streptomycin has taken place, in stunewhat dif- 
ferent, although comparable, stages. Tlie story of this antibiotic is 
that of a search for an agent capable of exerting Imcteriobtatic and bac- 
tericidal effects upon gi-am-negative bacteria, a substance active against 
these organisms, not only in the test tube hut also in the animal body, 
yet not very toxic, nor exerting otherwise undesiralde t'ffecl*! upon the 
body, a substance that would not bo inactivated by the body fluids and 
that would, therefore, offer chomothcrapeutic potentialities. 

Soils, composts, and other natural substrates harbor largo numbers 
of organisms capable of producing antibiotic substances. Some of 
these organisms form more than one type of antibiotic. These sub- 
stances vary greatly, in chemical nature, in selective antibacterial 
properties, in toxicity to animals, and in their activity in the animal 
body. It soon became apparent that, in order to isolate the desirable 
kind of antibiotic substance, detailed surveys of large numbers of mi- 
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croorganisnis would have to be made; suitable media for the growth 
of such organisms and proper methods for their isolation from the medium 
had to be develoj)e(l. Within a period of live years, nearly ten thou- 
sand such cultures were i>xamin('d, before streptomycin was obtained. 

Although the (luestion of the control of human and animal diseases 
caused by various bact('ria may now bo viewed with considerable opti- 
mism, it cannot, be considered as having been solved. There still re- 
main a number of problems that face the investigator and that require 
further elucidation, (.’hief among these, is the increasing resistance or 
fastness of certain strains of bacteria to given antibiotics, after pro- 
longed contact. Thus, there may develop penicillin-resistant gonor- 
rhoea strains, as well as staphylococcus and streptococcus strains. 
This phenomenon may prove to be of particular importance, in the 
(iase of <‘hronic diseases like undulant fever or tuberculosis, where pro- 
longed treat UK'nt with a single agent, such as streptomycin, may result 
in the development of resistant strains, b'urther, even the naturally 
occurring htruims sliow marked variation in their sensitivity to a given 
antibiotic. Oerfuin bacteria, like Pseudomonas aeruginosa, are them- 
selves capable of producing antibiotic substances. This may be the 
reason for the greater natural resistance of this organism to the action 
of various antibiotics. A number of diseases, notably the many infec- 
tions caused by viruses, are hardly affected by antibiotics. 

The coordinated efforts of the microbiologist, the chemist, the phar- 
macologist, and the clinician, will finally lead to tlie control of these 
and many other diseahcs that are now plaguing mankind. The micro- 
biologist will have made his contribution, by the isolation of new mi- 
crobes, <'a])able of forming non-toxic substances active against various 
diseaw'-produeiug <trgiinistiiH; by developing methods for the optimum 
growth of these organisms and for measuring theii’ antibacterial activi- 
ties; by heli)ing to eluchlate the mode of action of antibiotics upon the 
di.seas(‘-causing agents; and, finally, by evaluating the practical poten- 
tialities of antibiotic substances as chemotherapeutic agents. 

Th(' purpose of these papc'rs is not only to summarize our present 
kn()wledg<' of antibiotics and tlu'ir application, but to call attention to 
the problems that still await solution. 




THE DEVELOPMENT OF IMPROVED PENICILLIN- 
PRODUCING MOLDS 

Ih KkNNKTU B. ItAl'EK 

Fcimi nldtion Dtiusion, Noillu tn I{<g!on<tJ Rpscairh Laboratory,* Peotia, Ilknois 

In rcportinp; (ho fUficovory of iwiiicillin, Fleming (1929) referred to 
the rt’spon,si))lo mold oh Biourgo’ti Venicdliivni rubrum. Subsequently, 
Riiislrick .s('nt this fullni-o to Tliom,'"’ who diagnosed it as closest to 
Fenicilliitnh noldfint) Wostling. This corrected nomenclature was ac- 
cepted by llaihtri(“k and co-workers, and by Fleming, and was incor- 
poratc'd in (heir psipers pnhluslu'd in 1932. It likewise gave direction 
to tli(‘ hcurch for l)e((er penieiihu-produeing molds, when such a search 
iishiinied un<*\peeted significance, following the work of Florey, Chain, 
Heatley, it nl , in 1910 and 1941. 

All of the early studu's on ])<‘nieilliti production were made with the 
original Fleming.^(raiu (i*n\'rK 1, dkiukii] 2), and, during this period, 
the idea seinns (io»have (h'veloped that this particular strain was unique 
in its capacity to produce penicillin This view was questioned, soon 
after work was initiated at (he Northern Regional Research Laboratory, 
in July 191 L since it was at variance with our experience in other mold 
fermentations (< (/., citric and gluconic acids). Cultures belonging to 
the FitiiriUiuin nolatnin-chrywntnum group, tlieii contained in the 
NllRL Collection (about 35 in number), were tested for tlieir capacity 
to produce* penicillin, and almost all proved to be positive (Moyer and 
CoghilF'). No other strain was found to produce yields equal to the 
Fleming strain, when grown in surface culture, but a second strain of 
PcHicHliuiik notaliini, NHUL S32, was found to jiroduce greater yields 
than ( he Fleming st ram, w lu'n gi own submcTgc'd (Moyer and Coghill'*®) . 
Yic'lds with R32 in submeigc'd cultuie were low, when compared 
upon a nnits/ml. basis with surface yields obtained from the Fleming 
strain, but tin* culture* s(*c*m(*d to offer great promise, when considered 
from the standiioint of its industrial potential. Subsequently, it was 
generally adopted by industry and was employed, for many months, 
for the produ(*(ion of penicillin in deei) culture. It was thus apparent: 
(1) that the* cupa(*ity to produce penicillin as a metabolic product rep- 
resented a group, rathe*!* than a strain or specific character; (2) that 

* TliH iH t)l lotit KKumtil ]alM»nU<«ins o|)(»nif«l bv Ihc Buiwiu of Aftruultmnl and Indus- 

liml Chtimsliv, AKurtiitiaal Htsounli AdimmsUaUon, TJ S. l)(pmtnMni of Aguoulturo. 
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different members of the group varied greatly in tlicir capacity to pro- 
duce penicillin; and (3) that particular strains were especially suited 
for certain types of production. 

Concurrent with this development, it was found that good pciiicallin- 
producing strains were often subject to considerable variation in lal>ora- 
tory culture, and that substrains of differing productivity could be H(‘p- 
arated out and maintained in culture. Strain NllllL 1249.1321 (ciatis 
1, FIGURE 3), of monosporc origin, was developed from the Fleming cul- 
ture, in this manner, in late 1942. This strain was uoteworthy for its 
capacity to produce substantially increased yields of penicillin, when 
grown in surface culture (Moyer and CoghilP')- It found iimnediaie 
acceptance in this country and in Great Britain, and i(. is si ill em- 
ployed, wherever penicillin is produced by this method. II has, also, 
been employed for the production of penicillin by the “bran-process," 
and for the preparation of surgical dressings, a developnu'ut which at- 
tained some proportions in Hawaii and the South J'acific iVrea, during 
the war (Carpenter, Weller, and Martin"; Lars('n‘"; and Agmar“). 
For detailed information regarding the sources and culiural characier- 
istics of strains NRRL 832 and 1249.B21, the reader is referred to the 
paper by Raper and Alexander*®, on mycological aspects of pc'iiicillin 
production. 

The search for better penicillin-producing molds was rapidly ex- 
panded in 1943. At the Northern Regional Research Laboratory, a 
program was undertaken to isolate from nature as many representatives 
of the PemcOMwn notatum-chrysogemm group as possible, and to test 
these for their capacity to produce penicillin (Raper, Ah'xander, and 
Coghill®*). Strains were isolated from food products, fruits and vege- 
tables, and from soils collected from numerous stations in the United 
States and in many foreign countries (the Air ^YHnKp<)rt Oomniaiid 
assisted us materially in securing the latter). In tin* hamlliug of 
these cultures, a simple screening test was developed, whicli elT('cl/ively 
weeded out the less productive strains, while the more promising ones 
were studied thoroughly in surface, and in shak('n-flask, cultures. A 
general correlation was observed between cultural and morphological 
characteristics and penicillin-producing capacity of these isolated cul- 
tures.** No strains were isolated from nature which exceeded NRRL 
1249.B21 for the production of penicillin in surface culture, but a lim- 
ited number of strains were found which produced yields in excess of 
NRRL 832, when grown submerged. Of these latter cultures, Peni- 
eUlivM chrysogenvm NRRL 1951 (isolated from a cantaloupe collected 
in Peoria, Illinois) was found to be extremely variable in culture, and 
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from it, a wrios of superior producing substrains waa obtained, includ- 
ing NRRL 1951.1125 and the justly famous strains, X-1612 (see page 
15) and Wis. (^-170. Th(« capacily to produce penicillin, in surface and 
in hubmcrg(‘d ctd(un>, was tested in lactose-steep liquor media, as sub- 
se(iuently reported by Moyer and dogliill.®’- For detailed informa- 
tion, regarding tlu' survt'y, tlic reader is referred to our original paper.*^ 
An intenBiv(' study of natriral variation in selected strains was also 
undertaken as a possil)le means of sccui’ing more productive types 
(Eaper & Alexander^*') . Substrains of NRRL 1249.B21 wore repeated- 
ly isolated and tested, but none of these was found to be superior to 
the parent culture. Variation was principally in two directions: (1) 
increased sporulation and pigment production, suggestive of the origi- 
nal Fleming type; and (2) reduced exudate formation and decreased 
sporulation in the direction of sterile colonies. Yields of penicillin 
declined markedly, as the culi.ure differed increasingly, in either dii’ec- 
tion, from Ihu typical I249.B21 type.* Attempts to isolate various 
substrains fi'om NHHL 832 failed to produce any markedly superior 
penicillin-producing cidfur('s, but did reveal some striking cultural 
variauls, including one subs! rain charaettnized by a striking red to 
light purple coloralion. Otitstanding suc(!ess was realized in the de- 
velopment of high-yielding strains from NREJj 1951 (plate 2, fiqube 
4). When first tested, this strain produced yields, in submerged cul- 
tm'cs, slightly in (‘xcess of NRRTj 832. Its potentialities became evident, 
when colonies in sfreak-jdatc' cultures seeded from week-old shaken 
flasks dev('loped conspicuous sectors, and when the subeultures from 
these were found i.o produ<u> gi’catly increased yields, both in surface 
and in subnu'rged culUircs. Hepeated cultivation and reisolation of 
new subat, rains, from dilutit)n plates and from sector variants in giant 
colonies, yielded iiuinerous high-producing strains. Of these, NRRL 
195J.R25 (PLA'i'K 2, 5) apiicared to possess a slight advantage, 

although it, was neither culturally vciy different, from some other iso- 
lates, nor was it a markedly k'tter penicillin producer. This strain 
produced yu'lds in surface cultures, c(iual to, or slightly in excess of, 
NRRL 1249,1121 and was less Kensiliv(‘ to temperatures above 24®-26° 
0., but il.s gr(‘iif.cr pigment. pro<luctiou precluded its adoption by the' 
surface culturt' industry. Its principal vahic stemmed from its be- 
havior in submerged cultuni, where yields approximately double those 
for NRRL 832 were usually obtained As in the case of NRRL 1249.- 
B21, contiiuu'd inv(*stigalion of natural variations in strain 1951.B25 

* Scliatz, A., 8a S. A- Wakamaw.'-* liavt* r(*i)ort(.*d a similar roductloa in strepto- 
niycin-prtxlucliig capacity in iion-HporuUitlngr strains of Actmomv(>e8 onaeua. 
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failed to reveal any subculture capable of producing higher penicillin 
yields than the parent stock, although (he widest varu'ty ol cultural 
types was separated out and tested (Raper and Alexander-''). 

Through a similar selection of natural variants, higlu'r yielding 
substrains have since been developed from other basic stocks, such as 
PenidUium chrysogenum, Minn. R-13 (-- NURL 1984). In these 
cases, also, certain increased levels of productivity wei*(' reac'lied, be- 
yond which no further improvement was made, allliougli (he selection 
and examination of naturally occurring cultural variants were con- 
tinued. 

By the beginning of 1944, it was obvious that additional cultures, 
capable of producing satisfactory yields of penicillin, eouhl, in all prob- 
ability, be isolated from nature. It was likewdse clear that processes of 
natural variation and selective subculturing could probably bi' utilized 
to secure more productive substrains from sonu* of the new cultures 
thus obtained. The possibility of developing itnj)roved iicnicillin-pro- 
ducing cultures, through tlic production of induced mutations by nu'aus 
of ultraviolet and X-ray radiation, or other artilicial means, ai)pcarcd 
promising.* Possessing this information, and faced with (la* demand 
for ever-increasing amounts of penicillin, the Otlice of Production Re- 
search and Development of the War Production Board act, up projects 
at the University of Minnesota, the University of Wisconsin, Stanford 
University, and the Carnegie Institution of Washington (C)old Ri)ring 
Harbor, Long Island), to explore vigorously each of the above ap- 
proaches. In tills work, attention was directed, primarily, toward the 
development of betU'r “submerged” cultures, sinci* it was llu'u obvious 
that this type of production was most feasible. 

At the University of Minnesota, attention was dir<‘<‘(cd, primarily, 
toward the isolation of new strains from soil and other natural sources. 
One culture of outstanding merit, Minn. R-13, was discovered, which 
has been widely studied and from which industrially iinporlant sub- 
strains have been developed, througli natural variation and induced 
mutation (see, also, page 47). At the University of Wisconsin, strain 
variation was investigated by one gi’oup, and the metalxdism of peni- 
\ 5 illin-pr 0 ducing molds by another. The far-reaching results of this 
'work are being reported to this conference* by Professor .lohnson.®’ 
At Stanford University and at the Carnegie Institution, att(*ntion 

*In our O'wn laboiatory, impioved itacunio aciiUpioiImnnff hirams of A»numlltn ttutus hiui 
obtained from ultraviolet irradiated conidia.^** J®* « At Mtanfoxd CJmv(‘isitv, Beadla, 

O- W., ft E. Xi. and aMtociatos had piotIutiNl a wholt* waitn ot luulalions in Nuno- 

•rpora, giaract»iaed by altered physiological and biochemical characteriMliPM. It sp(‘mr‘d 
reasonable to hope that pemoillin pioduotion might bo mhancod by the blorkiug or nltf^iuiK ol 
euByme systems. 
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wns primarily, Umanl <h(' production of artificially in- 

du(*(‘(I miilidions trom known i^ood strains, such as NRRL 1951.B25, 
by cNposina; conidia (o ultraviolci and X-ray radiations. At Stanford, 
alone, more lhan t)(),()0() iM)latcs wen* tested, and a limited number of 
.strains was found to produce* somewluit Ix'tter yields than the parent 
slocks. At. the ('arne}>ie Institution, a mucli smaller number of cul- 
ture's was irradiated, hut of these, one strain was produced which, for a 
time at. U'ast, warrante'd tin* title, “hui)er strain,” namely X-1612 (plate 
3, KK.tJKK 0). Th(' production of this culture should be regarded as a 
joint ('udeavor. The* stock w'as supplied by the Fermentation Division, 
Northern Ri'gional He'search Laboratory; the irradiation was per- 
formed by J)r. Deuierec and associates at the Carnegie Institution, in 
Cold Spring Harbor; the initial and indicative production tests were 
made at. the Ifniversity of Minnesota, by Drs. Christensen and Ehr- 
lich; and the real magnitude <if its superiority was demonstrated, at 
the llniv<'rsily of Wisconsin, by Professors Peterson and Johnson in 
t*0-gallon i('rm{'uters. I’o the microbiologist and chemist alike, it is 
of particular inti'rest that strain X-!<)12 differs from the parent, primar- 
ily, in biochemical activity, and little, if at all, in cultural or struc- 
tural detail. Maximum yh'lds obtained with the parent 1961.B25 
have ranged around 2r»() u./ml., while yields in excess of 500 u./ml. 
hav(‘ b('en obtaini'd with the mutant, X-l(il2 (Johnson’®'’). Cul- 
turally and microscoiueally, the strain resembles closely the parent 
stock and, in tlu' studi(*s that wc have* made, it has been found to be 
('(pially variable in culture. Fortunately, in this strain, as in the par- 
ent, NHRL 1051.1^25 (Haper and Alexander®''), maximum proiluction 
seems to be a,ssociaied with a particular cultural aspect. Once this is 
ri'cogniKed, the miiinteiianci* of productive stocks does not prove diffi- 
cult. 

More recently, a much higher yielding strain has been developed 
from \-l()12 by Professors Backus and Htauffer, at the University of 
Wisconsin. By irradifding conidia (»f X-1()I2 with ultraviolet, a mu- 
tant, designat<'<l (^-170 (plate 3, vk.uue 7), ha.s boon obtained, which is 
capable of pr<»ducing yh'lds of p(*nicilliu in excess of 900 u./ml., under 
favoralde conditions (Backus, Htauffer, and .fohnson') . Regarding>the 
production of this outstanding mutation. Dr. Backus wrote (personal 
communi(!ation) as follows: “A monoconidial line was selected from 
X-1012 to be th(' ‘f)areutar form for this irradiation series. A stirred 
standardi/A'd spor<' suai)ension of this race was irradiated at 2650 A. 
Th(' majority of tlu' <'oui<lia ix'rished. The survivors were allowed to 
gc'i'iuinate on [dates and s('veral huiwlrt'd isolates were thus obtained. 
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When tested in shake-flasks, Q-176 gave us a yield very considerably 

higher than its parent Q-176 was also tided out in the 

Biochcinihtiy tanks and here also gave very much l)e((er yields llimi 
X-1612. In fact, tlie differential was greater than in shaki'-tlaskh.” 

Culturally and morjihologieally, slraiu (^-17(5 bears a st liking re- 
semblance to the parent strain, X-1612, and the ‘‘grandparent,” lOril. 
B25. In agar plate cultures, there is an evident, but not particularly 
marked, progressive reduction in rate oi gi’owth from 1951.1125 to 
X-1612 to Q-176 (piGtTKEb 5, 6, and 7) But colony patterns rc'main 
essentially the same, and the production ol atypical varieties of Peni- 
cUlium as reported for 1951 B25 by Raper and Alexander, is fairly 
consistent in both X-1612 and (J-176. Like the parent strains, 1951. 
B26 and X-1612, Q-176 is culturally unstable and lends to jiroduei* 
variants, differing in eultuial aspects and in penicillin production. The 
strain repicsents, primarily, a biochemical, ratlu'r tlian a cultural or 
morphological, mutation. 

Wo now know that membeis of the PenicilUum notatiaii-rhi i/mjfnitm 
group, even in the absence of special growth supplements, produce, at 
least four different penicillins, known in tlu' United States as F, (I, X, 
and K (Coghill and Koch’’) , and that two or more of these may be jiro- 
duced in the same culture broth Since these penicillins differ from 
each other in chemical characteristics and in their inhibitory effect upon 
susceptible bacteria, it has long seemed reasonable that lht‘y miglit 
possess different possibilities in clinical practice Some supporting evi- 
dence has been reported. More than a year ago, Welch and uhho- 
ciates'*’ reported penicillin X to be more effective' tlian commercial 
penicillin, which was primarily penicillin 0, for the treatment of gonor- 
rhea. More recently, Oiy and associati's-' have reiiorti'd various lyjK's 
of cocci to be from two to eight times more sensitive' to pn'paralions 
containing 65 per cent or more of penicillin X, than to comiiu'ri'ial 
penicillin Similarly, Libby and Holmbc'rg'^ have found penii'illin X 
more effective than penicillin G against a numla'r of different ba('t<'ria, 
including various types of streptococci and pneumococci. Flippin 
et al “ reported the successful use of penicillin X, in the tn'alnu'nt of a 
case of bacterial endocarditis [Streptococens vindans) whit'h had faih'd 
to respond to repeated administrations of commercial penicillin. 

Because of the anticipated possible therapeutic significance of this 
penicillin, and because of its interesting chemical possibilities, we set 
about, in March 1945, to secure, if possible, a culture capable of pro- 
ducing substantial yields of penicillin X in submerged cultun'. W’hih' 
penicilUn X was first isolated from surface fermentations with NRRL 
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1249 B21, and wliik* lln* itiulcnul nvailable for cliuicul use and chemical 
imohliuaiioii^, up (o (lu‘ pnsnit Imio, huh (‘oine from ihih source, it 
was roiilizod I lial a Rood “hubnuTRod” s( rain would be required, if peni- 
cillin X lo be inadi' in (luanidy. (Several of our best producing 
strains wine uneshRati'd ()1 iliese, NllRL 1984.A, a naturally-occur- 
ring variant oi Minn s<“le('f<‘d al I he Northem Regional Research 
Laboratory, show ed f lie highest ratio of penicillin X, amounting to more 
than 1<) p<‘r cent by assay m (hum lermentations, and up to 25 per cent 
in shaken-llask cultures Aflt'mpls to develop natural variants, cliar- 
acterized by increased penicillin X production, were unsuccessful. By 
irradiating conuha of the same strain with ultraviolet (primarily, 
2537 A), however, a suhstrain, di'signatcd NRRL 1984.N22, was ob- 
taiimd that gav<' s<ilislac(ory lotal yiedds, of which approximately 50 
per (‘(‘lit reprcsent(‘d penicillin \ (Raper and FcnuclP"). In 600- 
litor vat h’rnK'ntalions, lolal yields of approximately 200 u./ml. have 
been oblaiiK'd in 5K) hours. As indicatc'd by dilTcrcntial assay, and as 
Bubsciiucntly shovin by actual isolation, iicnicillin X represented ap- 
proxima((*ly 50 per cent oi (he total potency, as measured in Staphylo- 
rocciat uuits/ml , or about 65 70 p(‘r cent of the total, upon a weight 
basis. (Culturally and morphologically, this high penicillin X-produc- 
ing mutant closely res(‘inbles the parent strain, and both fit reasonably 
well our s])eci<'H concept for VeniciUintn chrysogenum Thom. 

Parallc'l with tlu' ^\ork alrinidy reviewed, other investigators have 
made extensivi' surv('ys, searching for molds capable of producing peni- 
cillin or other valuable antibiotics. While tests have by no means been 
confined to (he P< mrilUinmd the Asptrgilli, attention has been centered, 
quite naturally, upon thest* two abundant and cosmopolitan genera. 
Almost without, ('\e(‘ption, wheiu'Vi'r penicillin, or ponicillin-liko sub- 
stances, have Ix'cn report eel from molds, Iho species responsible have 
Ikscu found to nqiresent oik* of thesi* two genera. In view of the rapid 
developments in this field, no list can long remain up to date. Never- 
theless, (he following summary is b('li('Vod to be currently complete, or 
nearly so; Penicillin or pcnicillin-lik(’ substances have been reported 
from AsjtcrgilUot Jlatm, by liusli and Goth® (“flavicin”); by McKee 
and MacPhillamy''' and McKee, Rake, and Houck®® (“flavioidin”! ; by 
Waksman and Bugie'' (“flavicin”) ; and by Hr. R. G. Benedict, at the 
Northern Regional Rt'scarch Tjaboratory (unpublished). Cook and 
Lacey® (“parasiticin”), and Benedict have likewise reported a peni- 
cillin-Iikc substance from Anpeigillua parmtiticus, a species closely re- 
lated to AspcrgiHus Jlavim Aupngiflus oryzae is listed as weakly posi- 
tive, by Waksman and Bugle," and as jmsitivo, by Poster and Karow.“ 
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Philpott*® reported a pcnicillin-like substance, “Rigantie acid,” from 
Aspergillus giganteus. Penicillin-likc substances have also been re- 
ported from Aspergillus flavipes, by White,'" Foster and Karow," and 
Benedict; from Aspergillus nidtilavs, by Foster and Karow;' ' and from 
Aspergillus nidulans and the closely related species, Aspergillus eaispi- 
tosus, by Benedict; from AspergiU/us niger, by Foster and Karow;’' 
and from Aspergillus sydowi, by Benedict and by Hobl)ins (both 
unpublished) . 

Members of the PenicilUum notatum-chrysogenvm group character- 
istically produce penicillin in greater or less amount (Moyer and Cog- 
hill," and Raper, Alexander, and Coghill"’). For this reason, a listing 
of reported penicillin production by species belonging to this group as 
it is considered by Thom under the gi’oup name, ‘'liadiata'’ (The 
Penicillia, pages 259-269'®), is regarded as superfluous A few addi- 
tional species deserve more attention. Florey et <il ‘ ‘ report t>d peni- 
cillin-likc substances from PenicilUum avellanevm, P. rubens, and 
P. turbatum, in addition to two members of the P. nofalum-chtysogc- 
num group, P. baculatum and P. fluorescens. At about the sanu’ time, 
Dr, L. J. Wickerham, of the Northern Regional Research Taiboraloiy, 
using a bacterial spectrum plate technique, obtained positive results 
with P. avellaneum, P. rubens, and cultures believed to reprc’sent P. 
lanosum, P. roseo-citreum, and P. griseo-fulvum, while individual si rains 
of P. spinulosum and P. turbatum were found to produce both penicillin 
and spinulosin (unpublished data). Penidllium avellaneum is a well- 
defined species and is not regarded as closely related to the P. notaium- 
chrysogenum group. PenicilUum turbatum and P. spinulosum are 
monovcrticillate forms and, hence, clearly diffen'ut from P. uolahini, 
etc. PenicilUum rubens may warrant species recognition, but ix'ars a 
striking resemblance to the P. notatum-chrysoqcnum group. /'. luno- 
sum, P. roseo-citreum, and P. griseo-fuhnm have been regardt'd as dis- 
tinct species and have been placed in different sections of tlu' genus 
from P. notatum, etc. (Thom’®), but the strains tested possess certain 
cultural characteristics (eg., colony pattern, jiigmentations, and <‘\u- 
date formation) strongly suggestive of this gi’oup and may, in fact, b(“- 
long with it. It is believed to be of real significance that, in the genus 
Penidllium, with the exception of P. avellaneum and the provisional 
exception of P. spinulosum and P. turbatum, penicillin and penicillin- 
like compounds have been reported only from members of the P. no- 
tatum-chrysogenum group and certain other additional species that are 
believed to be closely allied to it. In the genus Aspergillus, the pro- 
duction of penicillin-like substance seems to be more general, but ap- 
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pears lo be most cominotiplacc among strains belonging to the ilsper- 
gillmt flavus group. 

Outside' of these' ge'neni, Peek and Ilcwitt°* have reported the pro- 
eluctiem e)f a pe'nieillin-like emlibiotie by the dermatophyte, Tricho- 
phyton menUigrophyUs. 
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iMMfRi 1 Duip'mm Inminj? Ilip jrfuoinl coitolation bcfwcvn tho monthly production of peni- 
nlliu, ttoni .iiilv 104 J lo Ihrimlxu 1045, mid llu* dovcIoptiKiit of ii<*w mdustiialfy unpoitimt trtrains- 
lu iicli (I |JH (iitntion, it M iinpo-iitlilo to dilftnutmto botwi'cn mcicascs m piodiiction, due to ne\^ 
iiuiutMH Mfxl itiipio\<d opiniitioiml pinducs, ou ihe otu hand, oi to the advent of highex -yieldme 
lultuH , ou (la otlid hind Ilowivm, tin* <otiln!mtion ol the latlii has bwii vny substimtial 
Jjs lent mil V the ‘'inne cultuie solution ih (iiiplo\cd lo obtain 400-500 u./nal., with X-1612, as was 
eailui niiploMHl to obtain 75 90 u/iiil., with NUWXi 852. 

Kxiensive seirveys have been made by Wilkins and Harris, 
in ICngland, anel by lle)bbins et al in this country, covering a wide 
variety of filiiinentems and fleshy fungi. Representatives of many spe- 
cies have bc'cn femnel to produce antibiotic substances, but, as yet, the 
activity and propertii's of these substances have not been adequately 
defined. As a result of additional studies now in progress, it may de- 
vclou that some of these antibiotics represent penicillin and that we 
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shall have to regard the formation of this metabolic product us a com- 
monplace phenomenon. But, today, this prospect is not in sight. 
With one known exception, penicillin production appears to he limited 
to the Aspergilli and PerdcilUa, and is especially characteristic of a 
particular group witliin the latter genus. Inside this grouj), the num- 
ber of basic strains that arc outstanding is limited, and from these 
have been developed our present high-yielding substrains, by the selec- 
tion of natural variants and by tire production of artificially induced 
mutations. One camiot, of course, predict the source of high-yielding 
strains yet to be discovered. However, upon the basis of our present 
knowledge, it seems probable that they, too, will come from the Peni- 
cillium notatum-chrysogemm group, by an extension of techniques 
already in common use. (Note figdbk 1.) 
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PlAlL 1 

Fioxibd 2 Pemdliium noiatum, NRBJj 821, tlio ununprovcil Kldiimg 8(iam 
as used in early pemciUin invest igat inns 

Fiourd 3 PerucilhvM not at unit NRllL 1249 B21, in aiipioved sulistnun de- 
veloped from the Flemmg culluie It was ■widely usi d lor the piodnelinn of peiii- 
cilUn, by the surface culture method 
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I’UTB 2 

KiauBB4, PdiiciUium clirymgenum, NRRL 1951, a strain isolated from a cantar 
at the Nortlioui lU>fi;ionaI Laboratory. Capublo of producing approximately 
100 u./ml. of prmcillm, m Mibiiu'rgcd culture, it is of primary intcicst and im- 
poitanuc ius tlu‘ souico of groaliy improved hulibtiams 

Fiouke S. Paiirillium (hii/Migtnum, NllKL 1951.B25, a natuial vaiiant of 
NllRL 1051, capable of producing up to 250 u /ml. of pcmcillin, in submerged 
culture. 
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PlATH 3 

Figubc 6 Pemcilliim ehrysogenum, X-1612, an X-iay-indu<‘( il nitilution ol 
NRBL 1951JB25, capable of producing znoro than 500 u/ml. of penicillin, m wih- 
merged culture. 

Ficubd 7 PenicSlmm chryaogemm, Wi8 Q-175, an ultiaviolcl-mdiuod mular 
tion from X-1612, capable of producing more than 900 u/mL, of pomcillm, m 
submerged culture 
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3N1ETAB0LISM OF PENICILLIN-PRODUCING 

MOLDS 

By M. J. Johnson 

1)1 piirt mint oj liiorlu mklry, College of AgrieuUure, University of 
Wtscomin, Madison, Wisconsin 

Stundurd procedure/* •“* •* in penicillin production, involves growing a 
mold of tlu‘ K(“nus Pcnicillium on a medium containing a carbohydrate 
Hourco (.usually hiclose) and a source of nitrogenous material (usually 
corn steep liquor). “Synthetic” media, in which inorganic nitrogen 
sources are employed, have been used, but have not been found to give 
yi(‘lds, in larg<' scale l<‘ruiontations, equal to those obtained on steep 
liquor media. 'Plu* mold grows throughout the medium, and must 
bo kept supplied with au ude(]uatc amount of air. In laboratory flasks, 
aeration may bo accomplished by continuous shaking, but, in larger 
oontiiiners, stirring and aeration arc used. 

There is a definite and intimate relationship between the amount of 
penicillin yielded by the, fermentation and the chemical changes, in the 
growtli medium, brought about by the metabolism of the mold. The 
penicillin yiehl, with a given cultui’c, is a function of such variables as 
pll, available* o.vygen, rate of carbohydrate oxidation, and available 
(‘ombined nitrogen. The reason for the superiority of one medium over 
another can usually bo correlated with the differences in metabolic 
(!hang(‘s oectirring in the two media.-' The superiority of one level of 
aeration over another is also closely correlated with the changes in 
melrabolism caused by variation in air supply. A study of the chem- 
ical changes oeeurring in the medium, during tlic penicillin fermenta- 
tion, is, thi'refon*, of intorcal, not only from a scientific standpoint, but 
also from the vi('wpoint of the industrial producer of penicillin. 

AERATION 

One of tile factors which influence the quantity of air needed in sub- 
merged Pemt'ilUutn fermentations is the rate of oxidation of carbo- 
hydrate. Taulk I gives data on the oxidation rate attained in shaken 
flasks, when glucose, sucrose, and lactose are used as carbohydrate 
sources. It will be noted that glucose is most rapidly fermented by 
the mold, and that the oxygen demand of the culture is also greatest 
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Table 1 

R.VTB OP Sugar Fermentation and (Kk.en in I‘i nu illtuni iiotalum 

OllI/TURRM 


Carbohydrate 

JMa\iimim rnfo of 
faUftar foiinontntioii* 

Ma\umnn 0;> 


gm./h per lir. 

nil. Oj; per hr./l. 

2% Lactose 

0.32 

109 

4% Lactose 

0.36 

131 

4% Sucrose 

0.46 

i:)0 

4% Glucose 

0.71 

300 


* Measured in shaken flabks m a stoop l«inoi inodmm (niltuio h32), 
**Measuied on a bouiplo of culttuo in a VVoibuig n*^punmotu. 


when glucose is used. Sucrose is lusi'd inore slowly than glucoso; lac- 
tose is most slowly utilized and gives the lowi'st oxygi'ii demand. It 
might be expected tliat successful fenni'iitatioiis, with glucohi' as the 
carbon source, would require more aeration than is neceshary for hwtosi* 
fermentations. That such is the case, is shown hy the data ol 'i’aih.k 2. 


Table 2 

Penicillin Yields on Flasks in Rotary and Kkcii'uocating Siiakliw 
(JFenieilUwn notalum No. 832) 




lieciprocatmg 1 

notary 

.slmktT 1 

1 Kol.uy 

hiiaker 


Vol. 

shaker (9( 

) U.P.M.) 

(2S5H.P.M.)| 

(325 n.VM.) 

Medium 

per 

flask 

Pen. 

Day of 
max. 

Pen , 

Day of 
max. 

IVn. 

I )ay of 
max. 


yield 

yield 

yield 

yield 

yield 

>ield 


ml. 

u./ml. 


u./iul. 


U./lIll, 


4% lactose, 2% 

60 

75 

^ ^ 4 

1 62 

8 

10 

2 

steep liquor 
solids 

100 

75 

*71 

171 

8 

b * 

» 4 a 

150 

65 

7 

\7i) 

8 

... 

... 

4% glucose, 2% 

50 

21 

9 

35 

4 

01 

3 

steep liquor 
solids 

100 

160 

18 

10 

7 

8 

31 

26 

7 

8 

. . . 

. . . 


In the experiment summarized in the table, two shakiTs wen' uh(“d: u 
conventional reciprocating shaker, in which the flasks were moved, 
horizontally, a stroke distance of 10 cm., at 90 cycles per minut<‘, aiul 
a shaker in which the flasks described a horizontal circle, one inch in 
diameter, at the frequencies given in tlie table. The rotary shaker 
was designed to give a hi^er aeration rate than was possible with the re- 
ciprocating shaker. It will be noted that, when the lactose medium was 
used on the reciprocating shaker, the penicillin yield was essentially 
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independent ol the voliuno of uiodium in the Ila.sk, but, with glucose, 
yields were lower, and decrcasod wluni the air available per milliliter 
of medium wasi deeissiMsl by iuereasing (he volume in the flask. When 
the rotary sh.uker was used at 28.") II.P.JM., yields on lactose were not 
affected, while yields on glucose increased. When the speed of the 
shaker was furtlier increased, the yields on glucose became still better, 
and yieULs on lactose (h'creased. A comparison of the chemical changes 
taking placi' in glucosi* and laclo.se media will be considei'cd later. For 
the present, it is Rullicienl to i)oint out that penicillin yield is a func- 
tion of the carbohydrat(* source used and of the amount of oxygen 
available to the fermentation. 

In tank h'rmentations,'' the air av.ailablc to the culture is, of course, 
only a small fraction of (he total air .supplied to the tank. It is very 
difficult to produce and maintain air bul)blcs in a fine state of division, 
in a tank filh'd with a liea\y growth of mycelium. The consistency of 
tlio mycelial mass is such that coaIe.scence of bubbles is promoted. 
This is especitilly true of large tanks, while, in small tanks, the limited 
length of l)ul)l)le rise decrease's the effectiveness of oxygen absorption. 
In commercial tanks, tlu' percentage used of the air generally varies 
from a few per cent to about 1.5 per cent. In the small tanks, in our 
laboratory, one per cent utilization is usual. A method which may 
be used to obtain !vn ('stimfitc of the aeration level required by a fer- 
mentation, is a determination of the amount of air used, at a number 
of levels of air supply. Sinc(> carbon dioxide produced is more con- 
veniently determined than oxygen used, the rate of carbon dioxide pro- 
duction by the fermentation is (h'termincd as a function of the amount 
of air hup|)li(‘<l to it. In moouk 1, data obtained in such a manner are 
plotted. "I'he tank ust'<l contained 200 liters of medium. It will be 
sc('n (hat, at aeration rales grcider (liati one volume |)er volume of cul- 
ture pt'r minute (2(K) liters per minute), very little increase in metab- 
olism rate occurre<l, but h w<'ring lla' air supply decreased the metab- 
olism rate. It might b<> conchuh'd that an aeration rate somewhere in 
tlu' neighborhood of 200 liters per minute wouhl bo adequate. When 
an cxperiim-nt, similar to that of MOUiiB 1, is conducted on a large in- 
dustrial penicillin fermentation, it is often found that, at high aeration 
rates, tlic efficiency of aeration decreases, and the energy input to the 
agitator decreases. This phenomenon, apparently duo to flooding of 
the agitator with air, has berm known to be so pronounced that an in- 
crease in aeration rate actually caused a decrease in metabolism rate. 
From FiouBH 1, it may be seen that a metabolism rate of 10 volumes of 
carbon dioxide per 1000 volumes of culture per minute may be reached 
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with adequate aeration. In many commercial installations, the metab- 
olism rates encountered are much lower, presumably because of the 
difficulty of maintaining adequate air dispersion in large tanks. 


VOL. CO2 PER 
MIN. PER 1000 
VOLS. CULTURE 



VOLS. AIR PER MIN. PER VOL. CULTURE 

Figuhb 1. Effect of air level on motabolism rate in 0 tnnk formentation. OuKmc lOfil. 1125 
arown on a medium containin«r 4% steep liquor holids, Z% lactose, and X% ralciuin caibormle. 
Measurements wexe made when the cultuie was 20 to 23 hours old. The <-ultuM» volmiio wus 200 
liters. 

The data of fiauBB 1 were obtained by varying the aeration rale of 
a single fermentation. When complete fermentations are conducU'd at 
various aeration rates, similar results arc obtained. The nietubolisiu 
rate, during the fermentation, depends on the aeration rate. The 
penicillin yields, at low aeration rates, arc definitely lower than those 
at high rates. In table 3, a comparison is made of the metabolism 
and penicillin yield, obtained with different aeration levels. It will be 
noted that the lowest aeration rate used resulted in a delay in the 
growth phase of the fermentation, as evidenced by the later occurrence 
of Uie ammonia maximum. 

It should be emphasized that the aeration level necessary in our 
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tanks has only a vory general relation to the aeration requirement of 
tanks of a (lifToront siz(' and design. Factors such as sparger design, 

Taklb 3 

KkKM'T CB iVlCUATION UaTK ON 'PaNK I^'bU MENTATIONS 

CuKuro X-16t2 was grown on a modnim containing 3% lactose, 4% steep liquor 
solids, and 1 % calcium oarhonalo. 


Aoratioii 

IVHi(‘illin 

yield 

(.70 hours) 

CQz* 

Age at 
max. NHs 
level 

vol./min. 

units/nil. 

hrs. 

0.15 

278 

2.7 

47 

1.0 

490 

8.9 

26 

1.5 

497 

10.0 

26 


* Voliiinn < ^(h p<‘r inin. por 1000 voIh, medium, average 20th to 60ih hour. 

ufptJilor (Icwftn, .'ind doplli of tank influence the effectiveness of aera- 
tion BO RiH'atly that, iMjrlmps, the only valid comparison that can be 
made iH a comparison of mctaholiBin rate. Even such a comparison is 
of limited uscfulnoss, because many factors, other than aeration rate, 
may inlhumei' the rate at which oxygen is used. 

pH CHANGES 

It is generally aec'cpU'd that pll values much below 7 or much above 
8 arc not conducive to rapid penicillin formation. To what extent low 
or high pH vulues ar<‘ sccondajy effects of conditions unfavorable to 
penicillin formation, and to what extent the acidity or alkalinity per se 
is effcctrivc, are iioli known. M<ist of the factors causing pH changes 
in penicillin fermentations in corn steep liquor media are known, and 
the pll can, to a larg(! extt'nt, bo controlled. 

Wlu'ii serial analyses are made on a i)cnicillin fermentation, most of 
the faelors infliu'neing pH beeomo obvious. 

in i'’i(iuiU'i 2, analytical data on a fermentation in shaken flasks are 
plotted. Growth of the, mold, exi>rcs8cd in the figure as mycelial nitro- 
gen, takes place, first, at the expense of nitrogen-containing carbon 
eorapounds of the corn steep liquor. The soluble organic nitrogen de- 
creases sharply, for the, first two days. During this period, very little 
lactose is used, but good mycelial growth is obtained. Most of the 
nitrogen of the compounds used is turned into mycelial nitrogen, but a 
part of it accumulates as ammonia. After the second day, when the 
fermentable sleep liquor nutrients arc substantially exhausted, utiliza- 
tion of the less easily fcnucntablo lactose begins. When lactose carbon 
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is used to form cellular material, the nitrogen in tliis cellular material 
must arise from ammonia, since it is the only available nitrogen source. 
Hence, dui-ing lactose utilization, the ammonia concentration falls 
When the lactose is exhausted, no available nutrients remain, an 

LACTIC ACID 

NHs-N 

PENICILLIN 

SUGAR MYCELIAL-N 



Figttbq 2 Chemical changes m shaJeen flask fenncntations Culture 832 was grown on a mcHlium 
containing 3% lactose and 2% steep liquor solids. Penicillm js cxpipsMtl as units jxu 01 ml , 
mycelial N and oigamo N as mg prr 100 ml.; lactic acid, us mg pci ml , Nlli-N, us ing pci 
10 ml ; and sugar, as g pei 100 ml 

autolysis bepns. Mycelial nitrogen falls, ammonia rises slightly, and 
there is a sharp rise in soluble organic nitrogen compounds. Corn stwp 
liquor contains considerable amounts of lactic acid. This lactic iieid 
is intermediate, in availability, between stoop liquor nitrogen com- 
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ponnds and lactosi*, since it begins rapidly disappearing when most 
of Ihc available steep liquor nitrogen compounds have been used, and is 
completely fermented bolon* vciy much of the lactose has been used. 
During the si'cond day of the fennculation, ammonia is being accumu- 
lated and laeti(‘ acid is being used Both processes result in a decrease 
in hydrogen ion concentration. The pTI, therefore, rises sharply. 
After the lactic acid has disappeared, the utilization of ammonia, dur- 
ing the lactose-fermenting phase, results in a fall in pH, When the 
ammonia has been substantially exhausted, the pH does not change 
significantly until the onset of autolysis, when a sharp rise occurs. 

The titration curve of the buffer mixture, in the steep liquor sample 
used in the experiment of figure 2, was determined experimentally, 
and from it, the pll values which shou4d have resulted from the ob- 
served changeh in lactic acid and ammonia concentrations were calcu- 
lated. Thes(> calculated pTI values are plotted as circles, in tlie figure. 
They agree very well with the observed pll values, up to the time when 
autolysis began. This indicated that, before tlie onset of autolysis, 
the only faciors causing pTI changes are those here discussed, but that, 
during aulolysih, anotln'r factor, probably liberation of organic bases 
from the myci'Iium, is operative. 

METABOLIC CHANGES IN TANK FERMENTATIONS 

Fiouke 3 gives analytical data on fermentations carried out in ex- 
perimental tanks containing 55 gallons of medium. The cmves repre- 
sent the average analytical figures for three fermentations on a medium 
consisting of 1 per cent lactose, 4 per cent corn steep liquor solids, and 
1 piT (‘('lit calcium carbonate. The culture used was PenicHlium chry- 
aoyvnum X-ir)12, and the aeration rate was one volume of air per vol- 
ume of medium per minute. 

('omi)arison oi the metabolic changes in tanks with those in shaken 
flasks shows that thi' fermentation is much more rapid. This is, to 
som(> extent, due to the largi'r inoculum used, but is chiefly the result 
0 f t he more adequate air supply. Tt will be noted, although the nutrient 
level us(‘(l was twice that used in the fermentation in pigubb 2, utiliza- 
tion of the nutrients lakes place in much less time. The first phase 
of the fci mental ion, during which mycelial growth takes place at the 
expense of the steep liquor nutrients, and during which the pH rises, 
because of lactic acid oxidation and ammonia liberation, lasts about 
21 hours. The amount of mycelium formed, because of better aera- 
tion and because of the higher nutrient level, is greater, in the case of 
the tank fermentation. The use of higli sleep liquor concentrations is 
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not advantageous in flask fermentations, because the air supply is in- 
adequate to permit its utilization. 

As in the case of the flask femicu tilth »u, penicillin is riipidly formed 
during the sugar-utilizing phase of the fermentation. The high peni- 
cillin yield in tlie tank fermentation is due, in part, to the use of a bet- 
ter culture and, in part, to the better air supply in the tank. It should 
be noted that, in pigube 3, penicillin concentration is plotted on a scale 
different from that used in pigube 2. Pigube 3 docs not give data 
extending to the autolysis period of the fermentation. This phase 
does not begin until available sugar is exhausted. In other tank fer- 


COz 

pH 

NHj-N 

SUGAR 


PENICILLIN 
MYCELIAL-N 
ORGANIC 'N 



in tank f^entation^ Cdturo X-MU waa grown in a mwllmii 
contabmc 4% laetoae, ^ stero Jiquor solida, and t% calcium oarbonnto. Penicillin ia mirwwd 

» mH.2finiw.iT <»*amo N, as mg. por^iOO ml. j NHs-N, as mg. p« 10 ml. j au^ 

pn. per 100 ml. ; a^d CO», as volmpes per mm. per 1000 volumes ci^turc, 
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montations, when sugar exhaustion has oceurred, autolysis, resulting 
in a rise in pIT and an incrt'uao in ammonia level, has always taken 
place. Wo have iu'V(*r ohaorvod, in tank fermentations, an increase in 
pcnieillin eonceniration after the fcmontable sugar has been depleted. 

COz 

pH PENICILLIN 

NHs-N MYCELIAL-N 

SUGAR ORGANIC-N 
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USE OF GLUCOSE IN TANK FERMENTATION 

It might be expected that, if lactose were rcplacc'd in tank fermentn- 
tions by the more readily available glucose, a more rapid fonnentation 
would result. It might, also, be expected ihat, beeauhc' of iis ready 
availability, glucose would bo depleted sooner ihan laetos<‘. 

In piGUEE 4, the analytical data from a glucose tank ferm(‘nta(.i(m are 
summarized. It may be seen that the metabolism rate, as measured 
by the rate of carbon dioxide production, is much higher, during the 
early stages of the fermentation, than the metabolism rate of the lac- 
tose fermentation. Glucose, as well as steep liquor, is utilized during 
the mycelium-forming phase of the fermentation. The nitrogen as- 
similation by the mycelium which accompanies the assimilation of 
glucose carbon, brings about a reduction, rather than an increase, in 
ammonia concentration, during the first phase of the fermentation. 
Since glucose is more available than lactic acid,® lactate utilization is 
delayed until after glucose utilization is completed. Because of tlu' 
lack of ammonia production and because of delayed lactate utilizalion, 
there is no pH rise until the glucose is exhausted. There is, then, a 
sudden pH rise, after which, because of the lack of nutrients, autolysis 
begms. The pH plateau, during which, in the lactose fermentation, 
most of the penicillin is formed, is lacking in the glucose fermentation. 
The low penicillin yields with glucose media, in tanks, may be aitrib- 
uted to the lack of a period in the fermentation, during which pH and 
nutrient conditions are favorable for penicillin production. 
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PRODUCTION OF ANTIBIOTIC SUBSTANCES 
BY BASIDIOMYCETES 

B'i WiMjIAM .1. liORIliNh, FliKDKKH.'K KaVANAOU, AND AnNBTTB HbEVBY 

T)<'pni’l^nv7it oj Hottwy, Colinubia and New York Botanical Qaxdent 

New York, N. Y. 

There urcj in Ui<i noij^liborhood of 100,000 species of known fungi. 
Hu'se sire divided tax()iK)niically into four groups, the Phycomycetes, 
i\scomy<‘o1o,s, Ba,si(lioinyc(‘t(‘h, and I ho Puiigi linporfooti. Since the 
diR(*()V(‘ry of i)(‘uicillin, a great d(‘al of altontioii has boon given to the 
production of antibiotic substanci's by the Fenicillid, the Actinomycetes, 
Aspcr(/illt\ and other g<‘ii<‘ra l>oloiiging, for the most part, to the 
Ascoinyc<‘t(‘s or to ilu‘ Kungi [inpoidocii. Holativoly little has been 
don<‘ with lh<‘ BaHidiomyc(‘l(‘s, co!n])rimng homo t*W,000 Hpecios and in- 
cluding the hludf fungi, piilT balls, toadstools, mushrooms, and so on. 

I<\)lklor(‘ hugg(\sts Unit soino of t.h<‘ Basidiomycctcs may contain anti- 
bactoriid Mibstnn(H‘s. Agaric a<u<l (N-hoxadecyl-citric acid) obtained 
from Pdlyporuti officinalis has boon used, for many years, in the treat- 
iiKuit ol uighihNV(‘ats of phthisis, aiid long chain aliphatic acids are 
ant iba(‘f (‘rial towards iM urobarlcrianh iabercidoHis. We have had re- 
ports that nativ<‘s in ( Vniral Ainorma use the simros and akin of one of 
iih(‘ earth-stars, to acoolorat<' the healing of wounds. Rumor has it that 
woodsmen have long used t^lu' Mt-like mats of basidiomycete mycelium, 
growing on trunks or logs, for bandages; whether this use is because 
of th(‘ir <‘loth-like (*liarae.t(jr, or l)ecause of hypothetical healing power, 
is un( 5 (M*taiii. While it is unwise to diseurd reports of this character 
without consi<l<‘ration, tliey should bo viewed with skepticism and re- 
qtiire cotilirmatiou and (‘xtension by actual exi)erimcnt. 

Wilkins and llai*ris r<‘c,ently t(‘sted the antibacterial activity of ex- 
tracts of the sporoplior<‘H of 722 sjx'cies, in 96 genera of the larger 
Basidiomye(‘((‘S. About */f, of th<‘se were active against Staphylococcus 
aureus or against Staphylococcus aureus and Escherichia colL None 
was active on Ihchenchia coli alone. About 30 species were grown 
in culture and (lis<*s of mycelium tested on seeded agar plates. Some 
of the 30 were active* on Staphylococcus aureus or on Staphylococcus 
aureus and Eschenahia coli, none on EscheHchia coli alone. Wilkins 
and Harris did not dct<erminc the ability of their organisms to produce 
antibacterial substances in culture liquids. 
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Bose has reported that the filtrate of a species of Polyporus, in 
Czapeks-Dox medium, is active on Escherichia coli and Uic causal or- 
ganisms of t 3 nphoid, cholera, and dysonlci’y. Animal tests showed the 
filtrate which he calls polyporin to be “completely nontoxic.” 

Our own experiments, begun in Juno 1943, have included about !100 
species in 42 genera. These were grown individually on agar in jadri 
dishes and examined by the streak method for antibacterial activity, 
using Staphylococcus aureus and Escherichia coli as test organisms. 
About 114 of the fungi showed no activity, under our conditions. Of 
the balance, 29 produced zones of inhibition of less than <5 nmi. on 
Staphylococcus aureus; 57, zones of between 6 and 10 mm.; and 119 
zones of 10 mm. or more. Some affected Staphylococcus aureus, but 
not Escherichia coli. Some affected both. None was active on 
richia coli alone. Forty-two of the more active Basidioinycetes, as 
tested by the streak method, wci*c selected from those which were not 
strong acid producers and tested by the disc method. Sixteen of the 
forty-two were moderately or strongly active, as determined by the 
disc method. Some 25 of these fungi have been grown in culture liquids, 
and the antibacterial activity was determined by the dilution method 
against Staphylococcus aureus. Culture liquids, active at dilutions of 
between 250 and 1000, have been obtained from six. We are extending 
our studies to other Basidiomycetes, attempting to concentrate and 
isolate the active principles and examine their effects on other or- 
ganisms. 

I shall not attempt to describe our investigations in detail, but shall 
limit myself to some generalities which, we think, can bo drawn from 
our experience thus far. 

It seems evident that a considerable proporlion of the Hiisidioinyoofi'h 
produce antibacterial substances. Wilkins and Harris found 20% of 
722 species to have such substances in their sporophores. About % 
of the 300 species we examined inhibited the growth of Staphyhrocrus 
aureus, in the vicinity of the fungus colony, and about pi-oduo(>(l 
zones of 10 mm. or more. Of the 119 which exliibited markc(l activity 
on the streak plates, only 30 produced sufficient acid to account for 
their antibacterial action. In other words, of 300 Basidiomycetes, we 
found 89 which evidenced considerable antibiotic effects, not caused by 
the hydrion concentration of their products. 

From our results with the streak method, the production of antibac- 
terial substance did not appear to be associated with any particular 
taxonomic groups. One or more species, of 36 genera of the 42 in- 
cluded in our survey, showed some antibiotic activity, and the 6 which 
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showed none were represented by only 1 or 2 species. Of 94 species and 
isolalions of Polyporus, studied by the streak method, 61 were inactive; 
19 gave inhibitions of 10 mm. or loss; and 24, of 11 mm. or more. Of 
the 21, we considered the activity of 11 to be caused by acid production. 
Of 47 Fames surveyed, 15 gave negative results; 13, inhibitions of 10 
mm. or less; and 19, of 11 mm. or more. The antibiotic activity of 7 
of the 19 was probably caused by acid formation. Of 41 Porias, 9 
were inactive, while 19 produced inhibitions of 11 mm. or more. The 
antibiotic activity of 11 of the 19 appeared to be caused by acid. 

While useful for survey purposes, the streak method has some distinct 
limitations. 

It detects those substances, only, which diffuse from the mycelium. 
An antibiotic substance produced and retained in the body of the fungus 
will not ho found. It is possible that some of the fungi we studied pro- 
duce intracellular antibacterial substances. These would not be dis- 
covered by our survey method. The media used must be those which 
will support growth of the test organisms, as well as the fungus, unless 
a coating layc“r, adapted to the test organism, is used before applying 
the tost organism. The character of the medium is frequently impor- 
tant, in determining the antibiotic activity of a fungus. For example, 
some of our fungi were quite active, when grown on a peptone-dextrose 
agar, but showed no activity on malt agar. Another factor of impor- 
tance is the i)roduction of acid by the fungus. This may influence the 
activity of an antibiotic substance, even thou^ the amount of acid 
foinne(l is in sullicicnt per se to inhibit the test organisms. Furthermore, 
the stn'uk molhod is not necessarily a guide to the effectiveness of a 
fungus. Home of the most active of our organisms, those which pro- 
duc(‘d inhibition of Hiaphylococc'iis aureus at distances of 40 or 50 mm. 
from tho fungus colony, sliowcd little or no activity when tested by the 
disc mclhod. It appeared that the quantity of the antibiotic material, 
which dilTu.scd into the medium from the fungus colony, was sufficient 
to inhibit the growth of the test bacteria, but was not large enough in an 
agar disc to give a zone of inhibition. 

In judging tho production of antibiotic substances, the test organ- 
isms are highly important. This is generally recognized, and it is as 
true for the Basidiomycctes as it is for other groups of fungi. Some 
of them inhibit Staphylococcus aureus, but not Escherichia coli. Some 
affe.ct Mycobacterium phlei, but not Escherichia coli or Staphylococcus 
aureus. Others inhibit all three, and some inhibit other molds. 

Wo have found the disc method useful for selecting fungi, among 
those found to be active by the streak test, for further investigation. 
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The disc method is more stringent than the streak method, because, in 
the latter, you deal with the product of an entire fungus colony; in the 
former, with the material in a small disc of agar or agar aiul mycelium 
— ^in our experiments, a disc 5.5 ram. in diamoler. It has the further 
advantage of indicating where the greatest amount of antibiotic n\ate- 
rial is to be found, whether within the limits of the fungus colony, or 
outside. Furtliermore, the discs from any medium on which tlie fungus 
may be grown can be tested on a neutral medium, of such composition 
as to be eminently suitable for the growth of the test organisms and 
unaffected by the growth of the fungus. 

As might be anticipated, the results obtained with the disc method 
depend, in part, on the size of the disc; the larger the disc, the greater 
the quantity of antibiotic material. They depend also on the time 
between the application of the disc and the development of the test 
organisms. The character of the inhibition was found to vary with 
the fungus. In some instances, the disc was surrounded by a sharply- 
defined clear zone, indicating complete inhibition of the test bacteria. 
In others, the zone of inhibition was limited by a zone of stimulation. 
Discs from other fungi caused partial inhibition only, and the area 
of inhibition contained many small colonies or a few large colonies of 
a resistant strain. The medium on which the fungus grew affected 
the character of the inhibition zone. 

The final test on any organism in which tlicre is intci-cfit, from the 
standpoint of antibiotic substances, is to have it produce enough of the 
substance to permit concentration and, perhaps, isolation, for chemical 
investigation and for test on animals or other organisms. This cannot 
be done by growing the fungus on agar plates, nor, in most instances, by 
collecting sporophores in natui-e. It requires mass cultivalion of the 
fungus in liquid culture. 

For these purposes, the Basidiomycetos have some disadvantagoH. 
Most of them produce few or no spores, except basidiospores, and my- 
celium must be used for inoculation. Inoculation is less simple and 
less satisfactory than for the Penicillia, which produce spores freely 
and in quantity. Many of the Basidiomycetos also have marked 
growth-substance deficiencies and grow little, or not at all, on a simple 
synthetic medium, but require the presence of vitamins or extracts of 
natural origin. Of 310 Basidiomycetos, we found 190 to grow poorly, 
or not at all, on a synthetic medium, althou^ all grew on malt agar. 
Of 91 species or isolations of Polyporus, 62 showed marked growth- 
substance deficiencies; of 32 Porias, 17; and of 45 Pomes, 20 were simi- 
larly affected. Some of them grow so slowly on any medium wo have 
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been able to discover, that the investigation of quantity production of 
antibiotic material is a slow process. Many of the slow-growing forms 
appear to be the most active. In fact, we have reached the point 
where we are almost prepared to discard any rapidly-growing Basidio- 
myce(e, without testing it. 

'riiih tiuestion of the relation lietweeu rapidity of growth, in these or- 
gauibins, an<l production of antibiotic materials has intrigued us. 
While (he relation is not btrict, and there arc a sufBcient number of ex- 
ceptions to eliminate it as a rule, it occurs sufficiently frequently to 
arouse one’s curiosity. In fact, in many instances, we have observed 
the same organism to show much more activity on a medium on which 
it grows slowly, than on one on which it grows rapidly. 

There seem to be two possible explanations for this phenomenon. 
Kithcr tlio antibiotic substance inhibits the growth of the fungus it- 
self, or an incomplete metabolism produces products which, in some 
instances, are antibacterial. Wo arc inclined to believe that the latter 
IS the correct explanation, h'or these reasons, the production of anti- 
biotic substance's in the culture liquid is not as simple a procedure as 
for Penicillium nofatam or species of Aspergillus. 

For tlicse organisms, masses of asexual spores can be used as inocu- 
lum, and, if desired, the culture liquid can be limited to the mineral 
salts and sugar found in the modified Dox medium. Furthermore, 
tlicy grow more rapidly in culture than most of the Basidiomycetes. 
Nevertheless, it has boon found possible to produce active antibiotic 
culture liciuidb from some of the Basidiomycetes, and to concentrate 
the active principles to the point where a dilution, of from 1 to 40,000 
up to 1-5,000,000, inhibits the gi'owtli of Staphylococcus aureus in 
broth culturi'H. We do not know whether any of these are of any 
therapeutic value. 

The substances witli which we arc working are diffei’ent from peni- 
cillin and differ from one another. It seems probable that a consider- 
able numb('r of new antibiotic substances is formed by this group. One 
means of deU'rmining this fact is the use of resistant strains of Staphy- 
lococcus aureus. In some instances, these resistant strains can be ob- 
tained from colonies in the vicinity of a fungus, in a streaked plate, or 
in the vicinity of a disc, on a seeded plate. In others, it is necessary 
to develop the resistant strains by cultivation of the stock strain in 
broth fortified by an amount of the antibiotic concerned which is par- 
tially, but not completely, inhibitory. Our experience with resistant 
strains of Staphylococcus aureus leads us to believe that they are use- 
ful for distinguishing between antibiotic substances, but do not serve 
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to establish the identity of any two. This follows, because it is pos- 
sible to develop strains resistant to two or more antibiotic substances. 

It seems clear that many of the Basidiomycelcs produce substances 
which, at considerable dilution, inhibit the growth of some kinds of 
bacteria. We have no evidence for the production of any substance 
as active as penicillin. On the oilier hand, we have investigated only 
about 300 of the 30,000 species in this group, and one of the 29,700 
which remain may produce a substance with the activity of penicillin. 



PRODUCTION OF ANTIBIOTIC SUBSTANCES 
BY ACTINOMYCETES'^t 

By Selman a. Wak!sMan, Albebt Scuatz, and Donaxa) M. Beynolds 

New Joney Agricultural Eipariment Slatwn, Rutgers UrUversity, 

New Brunswick, New Jersey 

It has now boon definitely established that a considerable proportion 
of all actinomycotes that can be isolated from soils or other natural 
substrates have the capacity of inhibiting the growth of, and even of 
destroying, bacteria and other microorganisms.® This was brought out 
emphatically in several of the surveys that have been made on the dis- 
tribution of autiigonistic properties among actinomycetes.^’ “ 
Twenty to 50 per cent of all the cultures tested, whether freshly iso- 
lated from natural substrates or taken from culture collections, were 
found to possess antagonistic properties. The selective antimicrobial 
activities of actinomycotes differ .gi’eatly, both quantitatively and 
qualitsitively, as could easily be demonstrated by their respective anti- 
biotic spectra. The nature of the active agents or the antibiotics 
produced by tliose organisms depends upon the species; frequently 
upon the sirain; the eomiiosition of tlie medium in which it is grown, 
and the conditions of cultivation.'^' ® 

Several distinct antibiotics have now been isolated from cultures of 
actinoinycetoB. Some, namely, actinomycctin, micromonosporin, myce- 
tin, and actinoniyccs lysozyme, have been only partly purified, whereas 
others, including actinomycin, proactinomycin, streptothricin, and 
slreplomycln, have been isolated and ciystallized. These substances 
tlillVr greatly in their chemical structure, antimicrobial properties, 
lo.xicity to animals, and in vivo activity. 

Some of the antilnotics are produced in simple synthetic media; 
others are formed in complex organic stibstrates; still others, like strep- 
tomycin, reejuiro the presence in the medium of a specific nutritive sub- 
stance, an "activity factor," which is either a precursor or a prosthetic 
group of an enzyme system essential for the production of the anti- 
biotic agent. Although this “activity factor” can be synthesized by 
Streptomyces griseus, its addition to the medium favors the rapid pro- 
duction of streptomycin. Streptomyces grise%is can, therefore, grow 

* I'arUy wppoiKhI by a yjimt ftom The CommonwealtU ^ind of Nw York, 
t Vapor oi tho .rnuinal S(>iiot, Now Jeiaey Agricultuial Experiment Station, Rutgers umveraty, 
Dcpaitmont of Miciobiology. 


( 73 ) 



74 


ANNALS NEW YORK ACADEMY OF SCIENCES 


well in substrates lacking the above factor, but the production amount 
of streptomycin is slower. However, when the mycelium thus formed 
is used as a coiihlituent of fresh medium, streptomycin will Ix' {)ro- 
duced satisfactorily. 

The following investigations were undertaken for the purpose of 
elucidating several important problems pertaining to the production 
of antibiotic substances by actinomycetes, namely: ( 1 ) the use of selec- 
tive antibacterial spectra, for the purpose of establishing the forma- 
tion of antibiotic type compounds by various species or strains; ( 2 ) the 
ability of different organisms to produce the same antibiotic substance; 
(3) the variation in chemical nature and in biological properties of a 
given antibiotic substance, formed by different organisms or under dif- 
ferent conditions of culture. 

EXPERIMENTAL 

Methods 

A large number of cultures of actinomycetes were isolated from 
differently treated soils, composts, and other subskates, and were 
tested for their antibiotic potency against several test bacteria. For 
isolation purposes, either ordinary sjnnthetic media (glucose-asparagine 
agar) or organic media (nutrient agar, peptone-glucose agar) were 
used. In some cases, the following special selective media were also 
employed: 

1. TB agar, consisting of 1.6 per cent washed agar, 0.05 per cent 
KH 2 PO 4, 1 per cent glucose, and washed viable cells of Mycobacterium 
tuberculosis H37, as the sole source of nitrogen. ( Be(‘ause of the dif- 
ficulty of suspending the tubci’cle bacilli homogeneously Uiroughotit 
the medium, growth of the antagonist upon the small coll aggregates, 
rathei' than the production of a clear zone of lysis, was iakem as the 
criterion of attack upon the tubercle organism.) 

2 . Bacterial agar, namely, washed mineral-glucose agar, as pre- 
pared above, to which centrifuged and washed cells of various gram- 
positive and gram-negative bacteria had been added. 

3. Streptomycin-enriched agar, comprising nutrient agar to which 
had been added 5 to 25 mg. of purified streptomycin per ml. of medium. 

Actinomycetes Active against Mycobacterium Species 

The cultures of actinomycetes that were isolated from the TB agar 
were tested by the streak method. Nutrient agar and glucose aspara- 
gine agar were used, with Mycobacterium phlei as test organism. 
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This sfiproijhylo grows rapidly and can be handled more easily than 
I he i)atlu)genic mycobacteria. The reason for adding the H87 tubercle 
bacillus to the washed agar medium was that this organism allows better 
growth of antagonistic microorganisms (bacteria, fungi, and actino- 
myce(os) than Mycobaclenum phlei. 

Table 1 
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Those actinomycotes that wore found by the streak method to be 
most active against Mycobacierium phlei were then grown in nutrient 
broth and in glucoso-asparaginc media containing 0.26 per cent agar, in 
order to obtain Ix'ttor surface pellicle formation. After incubation for 

8 days at 28” C, tlic filtrates were sterilized, by heating at 70° 0 for 
10 minutes, and tested. The results presented in table 1 show that 
more actinomycotes were antagonistic to Mycobacterium phlei when 
tested on glucose-asparagine agar, than on nutrient agar. With the 
synthetic medium, twelve per cent of the cultures exhibited no antag- 
onistic activity by the streak test, as compared with 35 per cent in- 
active cultures on the organic medium. The highest activity, namely 

9 to > 9 mm. zone of inhibition, was shown by 69 per cent of the cul- 
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tures on the synthetic, and by only 24 per cent on tlic orRanic, mcdiuin. 
When these cultures were grown in liquid or in semi-solid agar media, 
and the filtrates tested, the reverse was found to be the case, the or- 
ganic broth proving to be a bctt»cr medium for the production of anti- 
biotic substances than the synthetic mediuni. This may be due to 
the larger amount of growth on the organic medium. The percentage 
of aetinomycetes active against Mycobacterium phlei was fairly high 
and was well correlated with the distribution of antagonistic actino- 
mycetes previously reported for the gram-positive and gram-negativo 
bacteria.^’ * 

The enrichment of the soil with living or dead TB ceils appeared 
to exert no appreciable stimulation upon the development of antagon- 
ists, as compared with the control soil. Althou^i the enriched soils 
showed a marked stimulation of the total number of aetinomycetes, 
these organisms did not necessarily possess antagonistic proporti('s." 
Many of the strains developing on the TB-washed agar plate, to the 
extent of about 20 per cent of the total number, were found to belong 
to the Streptomyces coelicolor group, which comprises organisms not 
antibacterial in nature. 

Aetinomycetes Active against Gram-Negative and 
Gram-Positive Bacteria 

A number of aetinomycetes were picked at random from plates pre- 
pared from various natural materials. These cultures were tested, by 
the streak method, against Escherichia coli and Bacilhis subtiUs. The 
results presented in table 2 show that, as a rule, a much larger propor- 
tion of the cultures were active against Bacillus subtilis than against 
Escherichia coli. Some of the cultures had about equal activity against 
both organisms, and one had greater activity against the gram-negative, 
than against the gram-positive, test-organism. 

Just as in the case of the aetinomycetes active against Mycobacter- 
ium phlei, more organisms displayed antagonistic action, by the streak 
method, on glucose-asparagine agar than on the nutrient agar. As com- 
pared to the 86 per cent of the cultures that showed lack of activity 
against Escherichia coli, when tested on the asparagine agar, 93 per 
cent of the cultures were inactive, when grown on nutrient agar; the 
corresponding percentages showing no activity against BaciUus sub- 
tUis were 41 and 64 per cent. The cultures giving the highest activity 
against E. coli were 6 and 3 per cent, and against B. svbtUis, 44 and 16 
per cent, when tested on glucose-asparagine and nutrient agar, respec- 
tively. The reverse was true, when the culture filtrates were tested. 



Antagonistic Effect op Diffebent Actinomycetes ag*\inst E. coH and B , syhtilis 



* See footnote for tabus 1. 
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nutrient broth proving to be a better medium than glucose-asparagine 
broth for the production of the antibiotic agents. 

The results obtained for the soil enriched with washed viable cells 
of gram-negative bacteria show that such l,rea(iuent did not bring 
about any significant stimulation of actinomycetes antagonistic to 
either Escherichia coli or to Badllm suhtUis, as (iompared with the 
unenriched control soil. This confirms the results reported elsewhere/' 
concerning the doubtful significance of the soil enrichment procedure 
for the isolation of specific antagonistic organisms. 

Ninety-one cultures were selected at random and tested for their an- 
tagonistic properties against various bacteria, by the agar streak 
method. One or more of the following three media were used: nutrient 
agar, glucose-peptone agar, and glucose-asparagim' agar. Of these 
cultures, 47 showed some activity against either, or botlx, of the gi’am- 
negative bacteria, on one or more of the above media. Tlic distribu- 
tion of the antibiotic activity of the cultures against the two bactx'ria 
is brought out in table 3. In general, there were more actinomycetes 


. Tabui 3 
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active, in the case of all three media, against Pseudomonas aeruginosa 
alone, than against Escherichia coli alone or against both bacteria. 
Glucose-asparagine agar gave zones of bacterial inliibition which were 
wider than those observed on the organic media. The interesting phe- 
nomenon, in this coimection, is that Pseudomonas aeruginosa, an or- 
ganism which is usually recognized as hi^ly resistant to most of tin* 
known antibiotic agents, was found to be more sensitive, at least as 
measm-ed by the streak method, to the action of antagonistic actino- 
mycetes than the ordinarily more sensitive Escherichia coli Whctlior 
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this is due to iho formation by these actinomycetcs of as yet unknown 
substaneos active against Pseudo7nonas aerugmosa, or whether the 
prosenco oi tlu* cells of (lu‘ antagonist influences, in some manner, the 
sensitivity of Psvudomonaa acruginom, still remains to bo determined, 
'^llie fact that ^trvpioinyvci^ laiHndidac showed, by the streak method, 
som<‘ a<*(»ivity against liaaUus mycoidesj whereas the antibiotic strep- 
tothriein produced by S, huu^ndulae is inactive against this bacterium, 
may also bo due to factors still unrecognized, at present. 

A detailiMl study was next made of the antagonistic properties of 
the actinomycetcs that had been isolated from the washed agar media 
enriched with liHcherichia coli and Bacillus sabtilis cells. In all, 44 
cultures wercs test(‘d by the streak method, using tlirec different media 
and four test, l)acleria. The results (table 4) show that greater inhibi- 

Table 4 
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K<«<v iom* ol fti’Imoinyrctrs loslwl cm mitinmt ngur and glncosp-aqpaiagme agar; 
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tiou WUH cxliibiU'd liy tlu* acUnomyectes on all the media against 
grum-pofiii iv«‘, than against gram-negative, bacteria. There were 
marked dilTerciKV'H, how(iV(‘r, hi the sensitivity of tlie different bacteria 
within each grmii). Wlion the two aisrobic spore formers were com- 
pared, liarillvit myvoides was found to be more resistant than BadUus 
HiihliliH (u most i,f lJi<* actinomycetos, both on nutrient agar and on 
glu(-ose-lry[)l<)ne agar. On th<* synthetic medium, however, the two 
spore foriuers exhibiteil veiy little difference in sensitivity to the vari- 
ous actinomyeeles. A more detailed examination was made of the be- 
havior of these (wo t<est organisms toward a number of aotinomycetes. 
These results can be only briefly summarized here. In the case of 
nutrient agar, 20 eultures were more active against BaciUus subtUds than 
liacUhis inycoides; 7 were equally active against both bacteria; and 3 
were more active against B. mycoides than against B. suhiilis. The 
corresjxmding ratios of sensitivity of the two bacteria, to various ac- 
tinomycotes grown on glucose-asparagine agar, were 9:20:9 (greater: 
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equalrlower activity against Bacillus subtilis), and on glucose-tryp- 
tone agar, 22:6:10. 

A comparison of the sensitivity of the two grain-uegiUive bacteria 
brouglit out tlie fact that, on all the media used, Acrobader aero- 
germ was more I’csistant to the action of actinomycetes than was 
Escherichia coli. But here, as well, a more detailed examination of the 
plates revealed certain striking differences: on nutrient agar, 20 cul- 
tures were more active against Escherichia coli than against Aeroba- 
cter aerogenes, 2 were active alike against both bacteria, and 3 were 
more active against A. aerogenes than against E. coli. The correspond- 
ing ratios for the sensitivity of the two bacteria on the other two media 
were 35:1:2 and 14:0:2. 

Antibiotic Properties of S. griseus-like Organisms 

Streptomycin is the most important antibiotic so far obtained from 
actinomycetes. It was found to be produced by two strains of Strep- 
tomyces gnseus isolated, in 1943, from two distinct sources. The orig- 
inal culture of Streptomyces griseus, which has been kept in the culture 
collection since 1915, does not possess now the property of producing 
streptomycin, and, when recently tested, was found to exert only a very 
weak antibiotic effect against BaciUus subtilis and none against Escher- 
ichia coli. 

In order to determine whether the capacity to form streptomycin is 
characteristic only of freshly isolated strains of Streptomyces griseus, 
and how widely distributed this capacity is among members of the Fi 
griseus group of actinomycetes, a number of cultures, recognized by 
macroscopic appearance to bo typical S. qriseKs, or to b(' forms closely 
resembling it, were isolated from different substrates. These culttires 
were first tested for antibiotic activity by the agar streak method, 
using nutrient agar and glucose-tryptono agar. Streptomycin is 
produced largely on the first medium and only to a limited extemt 
on the second. The results presented in table 5 show that, the 
various Streptomyces gmew-like cultures thus isolated were far 
more active against gram-positive, than gram-negative, bacteria. 
They showed greater activity against gram-negative bacteria on 
nutrient agar, than on glucose-tryptone agar. Even that activity, 
however, was limited in nature, as compared with the streptomycin- 
producing strains of Streptomyces griseus. When grown in liquid 
media, none of the freshly isolated Streptomyces griseus strains pro- 
duced the typical streptomycin. Only one culture, namely, 25-G, was 
capable of yielding an active filtrate, as shown in table 6. The anti- 
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Tablk 5 
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Zemo of inhibition, mm. 



Nufiiont iigar* 


Glucobo-tryptone agarf 

0 

1 3 

1-8 

9->15 

0 

1—3 

4-8 

9->15 

17 

9 

4 

0 

17 

6 

1 

2 

1 

0 

17 

3 

13 

8 

2 

3 

2 

11 

12 

5 

1 

10 

9 

6 

1 

0 

18 

5 

1 

5 

12 

8 


1’abld 6 

Ba< n.iiiosiAiic iSwAiuA or 3 DimaaiiMT IhiBPAiiATioNS ibom Actinomtcdtbs 


( Julturo 

Units of activity per inl. of crude culture filtrate against: 

No, 

E, ( oh 

B. subtdis 

B, mycoidea 1 

B. aurem 

3110 

50 

300 

10 

50 

3115 

150 

300 

20 

150 

25-(5 

100 

130 

10 

250 


biotic iiiiluro of lliis fiUrtiU' uppoaml to be different from both strep- 
tothricin iiiid hfrcjiloinyrin, tih shown by its anlimierobial spectruin. 

Tiicbc robtiKb prove the principle that the production of a given an- 
tibiotic by aetiiiniuyccles is characteristic of the strain of organism, 
rather than of the speeioh. 


General Considerations of Antimicrobial Properties of Actinomycetes 

Ah a rchidt oi a eompreheiibive study of the antimicrobial properties 
of a hirgo number ol eultureh of actinomycetes isolated from different 
sourecH, and U'hled on the various media libtcd above, tlie general types 
of activity ean lie hunimariaed as follows: 

1 . Certain eultureH of actinomycetes arc largely active against fungi, 
but uot lit all, or only to a limited extent, against bacteria. 

2. Some eultureH are active, primarily, against other actinomycetes, 
and only to a limited extent against bacteria. 

3. A large number of actinomycetes affect mycobacteria, notably 
Mycobartcrimi j)Moi, but not at all, or only to a limited extent, various 
otlicr bacteria. 

4. Many iietinomycelcs arc active against gram-positive bacteria 
and mycobacteria, but not against gram-negative bacteria. 
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5. Various actinomycetcs are active against both gram-positive and 
gram-negative ba<‘tcria, with certain marked variations, namely: 

(a) some are more active against gram-positive bacteria ; 

(b) some arc more active against gram-negative bacteria; 

(c) some are equally active against both groups of bacteria. 

The antimicrobial properties of a given actinomyces culture also de- 
pend upon the composition of the medium in which it is grown. One 
organism is equally active against Escherichia coU and Aerobacler 
aerogenes on nutrient agar, whereas it inhibits only E. coif on glucose- 
asparagine or glucose-tryptone media. Another culture is equally 
active against Bacilhis mycoides and BacUhis subtilis, on nutrient agar 
only. A third culture may produce equal inhibition on all three media, 
against the two gram-positive bacteria. A fourth culture, which is 
more active against Bacillus subtUis on glucose-asparagine agar, may 
be more active against Bacillus mycoides on nutrient agar. 

6. Finally, there is a group of properties characteristic of certain 
actinomycctes, namely, activity against bacteriophages; this activity 
may or may not extend to the host bacteria. 

Production of Antibiotic Substances by Actinomycetcs 

Some of the specific antimicrobial agents or antibiotics produced by 
actinomycetes have been isolated from suitable cultures of the organ- 
isms, either in a crude or in a pure state. A much larger number of 
substances still remains to be isolated, however, since il can be est/ab- 
lished beyond any doubt, by testing of the cnide filtrates, (hat such 
substances exist. Among those agents that have not as yet been iso- 
lated, but the formation of which is unquestioned, the following may 
be given here only brief consideration: 

1. Substances active against Mycobacterium, pidei, but not against 
gram-posittve or gram-negative evhacteria. A certain strain of Strep- 
tomyces lavendulae (No. 3465) , grown in glucose tryptonc medium, was 
found to produce in stationary culture, after 6 and 11 days’ incubation, 
a factor which was heat stable and which inhibited Mycobacterium phlci 
in a dilution of 1:800. This filtrate had no activity against Bacilhis 
svbtUis, Bacillus mycoides, Escherichia coli, and Pseudomonas aeru- 
ginosa. The same observation was made in the case of another cul- 
ture, which was also found to belong to the Streptomyces group. 

2. Substances active against bacteriophages. Certain cultures of ac- 
tinomycetes have been found to produce factors present in the culture 
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filtrates, whicli were devoid or nearly devoid of antibacterial proper- 
ties, at least in the coucc'ntration tested, yet which inhibited the lysis 
of bacteria by phii{^(‘h. Whetln'r the action of these factors is directed 
against the phage particles or against the host cells, resulting in the 
alternation of their luetabolisin so as to prevent phage infection or 
multiplication, still remains to be deterrained. The production of these 
autiphage filtrates is dependent upon the composition of the med- 
ium, in a manner similar to the production of true antibiotics. The 
antiphage action of the filtrates is also specific, some phages being 
affected, and not others. This selectivity is comparable to that of the 
select ive antibacU'rial action of known antibiotics. 

3. Agi nin uHive against animal innises. Certain culture filtrates of 
various actmomyoetea appear capable of exerting a slight, but definite, 
inactivating effect, upon animal viruses. In one case, the filtrate was 
not antibacterial, although test bacteria were found to be inhibited on 
certain media, as measured by the streak method. From the active 
filtrate of another culture, actinomycin was isolated, as the virus-in- 
activating agent. 

4. Antibiotics active against bacteria and fungi. Although several 
antibititics liavo already been isolated from actinomycetes, still others 
remain to he obtained. Those isolated, so far, vary greatly in their 
chemical nature and in their selective antimicrobial action. 

Among the problems bearing upon the isolation of antibiotic sub- 
stances, two deserve special consideration: 

(a) it is now well esfablished that certain actinomycetes produce 
more than one antibiotic substance. Streptomyces griseus produces 
aircpiomycin and another, still undescribed factor, present in the 
mycelium of tluj organism. This factor is soluble in organic solvents 
and dilTers markedly, in its antibacterial spectrum, from streptomycin. 

(b) 'I’Ik' same antibiotic may be produced by different species of 
actinomyc(;t,(‘8. (Vrlainunpublislied data from our laboratory have es- 
( ablished, beyond doubt, that actinomycin is produced by several spe- 
cies of Hfrcplomyccs. 'The same is true of streptothriein. A given 
antibiotic may, therefore, be identical, even when produced by different 
actinomycetes, as shown by its chemical composition and antibiotic 
spectrum. Tn the case of other antibiotics, however, certain differences 
in the specific antibacterial spectra of the same t 3 T)e of substance pro- 
duced by different organisms appear to point to differences in the 
chemical structure* of the antibiotic. The present information is too 
limiled, however, to justify broad generalizations. However, it opens 
some intcrchling possibilities. 
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SUMMARY AND CONCLUSIONS 

The results of a survey of a large number of actinomycctos, isolated 
from different substrates and cultured on different media, permit cer- 
tain broad generalizations: 

1. A largo proportion of the actinomycctos inhabiting natural sub- 
strates have the capacity to inhibit the growth of bacteria and other 
microorganisms. 

2. The ability of these actinomycctes to exert an inhibiting effect 
upon microorganisms is highly specific. This selectivity depends, not 
only on the strain of organism, but also on the medium in which it is 
grown and conditions of growth. 

3. Antagonistic actinomycctes produce a variety of antibiotics that 
vary in chemical nature, in antimicrobial action, in toxicity to animals, 
and in their chemotherapeutic potentialities. 

4. The antibiotics that have, so far, been isolated from actinomy- 
cetes vary in the degree of purification. Some are crude preparations, 
whereas others have been crystallized, and considerable information 
has been gained concerning their chemical nature. They include: ac- 
tinomycetin, actinomyces lysozyme, actinomycin, micromonosporin, 
streptothricin, streptomycin, and mycetin. 

5. Some actinomycctes produce more than one antibiotic substance. 

6. Some antibiotics are produced by several different organisms. 
There is some evidence, however, that, although the same general type 
of substance may be formed by the various cultures, it may not possess 
exactly the same antibiotic spectrum; this suggests the possibility of 
variations in the chemical structure of the agent. 
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ANTIBIOTIC SUBSTANCES PRODUCED BY 
BACTERIA 

By Jackson W. Fostkk* and H. Boyd Woodbuff 
M( trk liMurch Laborafoiioo, Merck & Co., Rahway, N. J. 

In 1877, J’aslcur‘ reported that laboratoiy animals, injected with 
the causative ap^'nt of anthrax (Bacillus anthracis) and common sapro- 
phytic bacteria, failed to develop the disease. This effect was ascribed 
to oxygen-starvation of the anthrax organism, brought about by utili- 
zation of oxygon by tlic saprophyte. Dining the years that followed, 
the inhibitory action was found to be associated with many mixed cul- 
tures and has come to bo known as microbial antagonism. We now 
know that antagonisms, in the majority of cases, may be charged to 
the production by one microorganism of metabolic products which have 
toxic or inhibitory activity for other microorganisms. Such chemical 
identities have come to bo known as antibiotics. 

As is often the case with scientific studies, chance observation led to 
the study of many antibiotics. Thus, Emmerich,® during a demonstra- 
tion before his class, accidentally discovered that a guinea pig that 
hail been previously injected with a culture of Streptococcus erysipelas 
tis did not develop cholera when inoculated witli Vibrio cholerae. 
This was folio w('d clostdy by Bouchard’s' observation that rabbits, 
previously inoculated with Bacillus anthracis, did not develop anthrax 
when small amounts of cultures of Pseudomonas aeruginosa were in- 
jected, a finding that was later extended to include sterilized Pseudo- 
monas aeruginosa cultures. The mass of literature, often conflicting, 
that has ac<-uinulate<l concerning these antagonistic activities, leads 
one to r(!alize that only through the chemical isolation of the anti- 
biotics conc(‘ru<'<l is it possible to completely understand the antagonis- 
tic phenomena. In the ease of Pseudomonas aeruginosa antagonisms, 
the activity has been variously ascribed to enzymes, fatty acids, sur- 
fiice tension (h'pressauts, j)igments, etc. In tlic 67 years since this type 
of antagonism was first noticed, no less than two phenazine derivatives, 
with their stnnjture confirmed by synthesis, and five crystalline com- 
pounds of unknown structure, all with antibiotic activity, have been 
isolated from this one organism. Is it any wonder that different in- 
vestigators, working with different strains of this organism and different 
media, have reported conflicting results? 

Returning to the discovery of antagonistic bacteria, four conditions 
have furthered their investigation. The first of these is chance, which 

" • PTOiraradamW! Dopnitaimt of Baotmology, Univetsity of Texas, Austin, Texas. 

m 
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is materially aided by the investigator’s curiosity and perception. 
Secondly, comes natural indication of antibiotic action. Active an- 
tagonists, such as many of the pseudomonads, exoi“t a directing effect 
upon natural bacterial populations. Thus, the typhoid organism and 
even Escherichia coU do not persist in water basins where conditions 
are favorable for development of Fseudoinoms jluorescens. Promot- 
ing development of spore-forming bacteria in soil, with green maniu'es, 
or favoring development of the fungus Trichodernia in soil, materially 
reduce attack of the damping-off fungi on seedlings. Such natural 
phenomena have led to the discovery of antagonists. Thirdly, dis- 
tinctive characteristics, such as color, insolubility in culture medium, 
etc., have led to the isolation of compounds which later proved to be 
antibiotics. Fourthly, antibiotics have been obtained by planned ex- 
perimentation. The early success of Dubos,* in applying the enrich- 
ment procedures, as used in soil microbiology, to the isolation of bac- 
teria producing enzymes specifically lytic for the capsular polysac- 
charides of the pneumococci, has been described often. In tlic pres- 
ence of a resistant food source, those microorganisms possessing the 
specific enzyme for that food will find conditions favorable for de- 
velopment. Those bacteria possessing the specific enzyme, or capable 
of producing an active adaptive enzyme, will multiply. However, the 
enrichment procedure is not directly applicable to the isolation of an- 
tagonists. Essentially, the method requires the addition of living mi- 
croorganisms to the soil. It has been suggested that antagonists in the 
soil destroy the added bacteria by the production of antibiotics, and 
then multiply at the expense of the killed bacteria. 

Destruction of foreign organisms, such as Escherichia coU and Myco- 
bacterium tuberculosis, by biological means in a ba<‘teria-rioh substrate, 
such as soil, has been proved (table 1 ). 'Tlu' biologu'al desl, ruction 
became more efficient, as now additions of (ho foreign organihin were 
made. Each enrichment consisted of the addition of Inllions of living 
Escherichia coli cells per gi'am of soil. After eleven enrielmu'niK, less 
than 1000 Escherichia coli cells were recovered per gi’am of soil, wlu'roas 
more than six billion were present per gram following the first enrich- 
ment. After the soil had boon freed of living mieroorganisnih by heat 
sterilization, Escherichia coli multiplied. 

In one sense, this is the equivalent of the enrichment method for the 
isolation of cellulose decomposers, or organisms active against the pneu- 
mococcus polysaccharide, since the enrichment culture became more 
active with enrichment. However, it has not been possible to show 
an increase in the proportion of antagonists specifically associated with 
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Table 1 


Survival of Eschoichia coli in Sterile and Non-Sterilb Soil 
Thoubands per gram 


t^Unlc .soil 


Fresh soil 


Incubation 

i 

Incubation 

E, coli 

enrichments* 

No. of microoi:ganisms 

period 

days 

period 

days 

E. coli 

Total 

population 

0 


0 

0 



10 


5 

1 


25,600 

26 


33 

5 


22,100 

• • 


127 

11 

0 

40,000 


* AppxoMiiuitvlv oiu* wo<*k elt»ps<*d botween Iho last onncliment and the deteinunation of sur- 
vivinjE listiuuih a toll 

1 2,(100 coll, of At i( /w-x jf /iia cot% addtcl per frmm of felciilo 


Table 2 

iNKr.UENciJ OF lONurcriMiJNT OF SoiL WITH Escherickia colt on the Abundance 

OP Antagonists 


Number 
of diiys 

Nmnlier of 
microorganisms 
(thoubands) 

Number of 
antagonists* 
(thousands) 

Ant£i| 

j 

onists 

(Joiifrol 

Enriched 

Control 

Enriched 

Control 

Enriched 

m 

8,800 

9,100 

Ha 

500 

1,150 

4,000 

5,700 

5.7 

12.6 

8.7 

14.2 


Mu'iooiguniHUH huvjtiK a Ivtic action on hvmg Esihenchia colt cells m the absence of organic 
nutiientH. 

\ Five oijiiehmeiits bofoie llu* liiHt wunt. 
t lOloveu emu lunouts hidoio (ho MM’ond count. 

(llu* liviiif; ciiriflunoui) agent, in such enrichment cultui’es (table 2). 
Allhougli nuiuhei'h of iintagouisls did increase with enrichment, this 
iiuTOiihc W!W proportional (o the increase in total bacterial population. 
Himilar ri'Hults (‘ouI{l have been obtained by the addition of any nutrient 
HOUHse io tlu* soil, and arc* not specific for the addition of living bacteria. 
Tlu* chances of random selection of an antagonist from an enriched 
soil are not better than from a control soil. 

liy adding nutrients, it may be possible to modify the soil popula- 
(lion, so tliat one group (for example, tlie spore formers) predominates, 
and in this manner, change the inherent antagonistic power of the soil. 
Such changes, however, arc not specific, or limited to those produced by 
enrichment with living bacteria. For practical isolation purposes, the 
enrichment cultures must be studied by means of some selective method 
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that will not only allow detection of the increased number ’of antagon- 
ists, in the enrichment culture, but will eliminate the increased number 
of non-antagonistic bacteria. This is relatively simple when antagon- 
ists possessing lytic activity are desired, since antagonistic colonies on 
agar plates containing a dense suspension of bacteria will be surrounded 
by zones of lysis. No satisfactory selective medium that will allow 
growth of antagonists showing only bacteriostatic or bactericidal, but 
not lytic, activity has yet been devised. 

It is evident, from the studies of Stokes and Woodward,' that curicli- 
ment of soil with gram-positive cocci was not necessary for the discov- 
ery of the bacillus that produces tyrothricin. Similar antagonists, pro- 
ducing tyrothricin, are present in every soil. They may be easily dem- 
onstrated by plating soils in a rich organic medium at low concoii- 
tration. Subsequent crowding serves to demonstrate antagonists. 
Colonies surrounded by clear zones where spreaders are inhibited may 
be isolated as possible antagonists. 

Of 24 antagonists picked from plates similar to these, seven proved 
to be characteristic, tyrothricin-producing strains, all similar in bio- 
chemical characteristics. These proteolytic spore-forming rods arc 
normal inhabitants of soil and form the zymogenic population of the 
soil. As such, they exist in normal soils only as resting or slowly divid- 
ing cells, becoming active in the presence of easily-decomposable, nitro- 
genous organics. It is of little importance to the spore-forming antag- 
onist whether this food is present in the form of peptone, leaves, or 
Escherichia coli cells. 

Thus, despite its successes, the planned development of microbial 
antagonists is a useful tool only when a complete understanding is had 
of the processes involved. 

No attempt can be made here to review completely all bacterial anti- 
biotics. Rather, it will be more practical to examine a group of an- 
tagonistic bacteria of promising economic and theoretical interest. 
The spore-forming bacteria meet these qualifications, because of recent 
successes in detoxification, treatment of experimental infections, and 
suggestions of mode of action. Whereas any discussion of spore-form- 
ing antagonists must begin with gramicidin, it is only with the most 
recent work that we need be concerned. 

Gramicidin and tyrocidine hydrochloride, isolated in crystalline form 
and studied chemically by Dubos^ and Hotchkiss,® and gramicidin S, 
obtained crystalline by Gause and Brazhnikova,^ all are obtained from 
Bacittus brevis. Being polypeptides, poorly soluble in water, but sol- 
uble in alcohol, these crystalline antibiotics may be differentiated with 
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certainty, on the basib uf chemical characteristics alone. They are un- 
usual natural compounds, since a portion of the amino acids liberated 
upon hydrolybis arc of the unnatural form (table 3) . 


Table 3 


(Krom Belozersky, A. N., & T. S. Passhina. Lancet 247(2): 716-717. 1944). 


Melting point 
Molecular weight (Kiist) 
Free NIL 
Free COOir 
Time of dlsholutiou ou 
hydrolysis (houis) 
Totid N tKj(‘ldahl) 
Tryptophan 
Tyrosine 
Dicnrbonio acids 
Phenyl-alanine 
Proline 
Ornithine 
T.>6ucinc 


Gramicidin 

Dubos 

Tyrocidine 

hydrochloride 

Gramicidin 

S 

22&-230°C. 

240°C. 

268-270“C. 

1250-1560 

1260 

1060-1340 

— 

+ 

+ 

— 

+ 

+ 

18 

2 

18-20 

14.8% 

14.3% 

13.0% 

+ 

4* 

— 

— 

+ 

— 

— 

-h 

— 


+ 

— 


4* 

4- 

— 

4- 

4- 


4- 

4- 


The relative clinical value of the three preparations is not as well 
established. While of value in the treatment of local infections, the 
toxicity hah prc'vcntod wider application for systemic infections. Re- 
cently, Lewis ei al? have been able to detoxify gramicidin, without 
altering autibactc'rial activity, by treatment with formaldehyde. Clin- 
ical studios with detoxified gramicidin have not been reported. 

The mode of action of the antibiotics from 'Bacillus brevis has been 
explained upon th(» basis of change in surface tension brought about by 
gi^amicidin and i.yrocidiuo. Stimulation of oxygen uptake, in studies 
with Htuplujlococcus aurev^, have been noted. This phenomenon has 
led to a hUgg(‘Htion tliat graxnidicin blo<‘ks synthesis of polysaccharide 
storage products by th(» cell. 

(Jrainicidin blocks phosphate uptake by cells, in concentratioiB 
which are bactcriosta<.ically effective. The quantity required for this 
effect is r<‘laUjd to the sensitivity of the cell for gramicidin, and the 
action ou phosphate uptake and bacteriostasis are both inhibited by 
cephalin (Hotchkiss^). 

Charactcx’ization of the chemical properties of the gramicidins has 
aided materially in the isolation of a sindlar type of compound from 
Bacillus subtHis* This culture grows well and produces antibiotic ac- 
tivity on a wide variety of media, including both organic and inorganic 
types. As mi^t be expected from this proteolytic species, polypep- 




92 


ANNALS NEW YORK ACADEMY OF SCIENCES 


tides may be isolated from cultures. Jansen and Hirsclimann® re- 
ported the isolation of a crystalline polypeptide by the gi’amicidin iso- 
lation procedure, but it was without antibiotic activity. The sediment 
obtained with a Sharpies centrifuge, which contained the whole cells, 
was as active as isolated tyrothricin, and this active principle could be 
further purified ten times by ethanol extraction and acid precipitaliou 
of the antibiotic. Subtilin, as the substance was termed, proved to be 
highly diffusible, similar to penicillin, in contrast to the practically 
undiffusible gramicidin. 

There is a possibility that subtilin may become useful as a thera- 
peutic drug, since no reports of toxicity have appeared, and the range 
of organisms inhibited by it has been extended from the common gram- 
positive types to include Mycobacterium tubercutosis. 

Bacitracin is an antibiotic of reported therapeutic activity. Pub- 
lished data concerning its chemical propciliics are meager. It has not 
been clearly differentiated from subtilin. Jern and Mclcucy’" re- 
ported bacitracin concentrates of 100 units per cc. activity to be not as 
efficient as penicillin, in treatment of embryonic eggs infected with 
Staphylococcus aureus, but three out of four infected eggs survived for 
the experimental period. A later report by Johnson, Anker, and Mo- 
leney“ demonstrated much greater sensitivity of hemol 3 rtic streptococci 
and Clostridia for the antibiotic. In vivo action of bacitracin was 
demonstrated for both infections in animals. Thus, there is a promise 
of practical application for bacitracin. 

Simplexin stands as an example of an antibiotic which is so poorly 
defined, chemically, as to be indistinguishable from other types, except 
for its characteristic antibacterial spectrum. In contrast to the more 
limited activity of the substances described previously, simplexin has 
been found active against 77 out of 81 species of parasilic and sapro- 
phytic fungi, as well as bacteria. First described by ( \)r(lon and 1 1 aen- 
seler,^® and later studied by Katznelson,’ ' it has offered some promise 
of application against plant pathogens. Simplexin Is remarkably 
stable. It may be adsorbed on charcoal and eluted with ethanol, but 
no additional information has been published concerning iis chemical 
properties. 

A new antibiotic, named bacillin, is included as a final example of 
antibiotic types from spore-forming bacteria.^’ This substance, 
which differs from all antibiotics described from bacteria, is charac- 
terized by a remarkably constant bacteriostatic spectrum against a 
wide range of microorganisms. Bacillin may be differentiated clearly 
from subtilin and ramplexin, on the basis of the bacteriostatic spectrum; 
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and from tyrothricin, on the basis of diffusibility, as well (table 4). 
It is produced by Bacillus subtilis on synthetic media, and similarly 
to the forniMtion of siinplexin and subtilin, its formation is stimulated 
greatly by the i)r(‘WTicc of manganese salts in the medium. Bacillin 
may lx* comxMit rated by adsorption from the medium on charcoal 
(Dareo) and <*luiion with ethanol. Preparations obtained in this man- 
ner have inhibited growth of Escherichia coli in dextrose-asparagine 
agar in a concentration of 0.67 y per ml. The presence of blood or or- 
ganic media markedly reduces bacillin activity. 

Table 4 

Comparative Antibacterial Spectra op Antibiotics prom Three Different 

Aerobic Spore Formers 


llatioB of amount of antibiotic material 
rcijuired for inhibition* 


Orgnnisin 

j E, coh as unity 

a3. aureus as unity 


HnciUin 

Bimplexin 

Bacillin 

Subtilin 

E. coli 

1.0 

1.0 

2.7 

>10 

E. typhom 

S, panityphi 

PasU uri ihi sp. 

0 5 

1.0 

1.4 

>10 

0.09 

>32 

0.25 

10 

0.37 

0.13 

• . • 

... 

I), pmumtmmc 

M, conglomantus 

1.0 

0.13 

io 

‘ *1.0 

S. aureus 

o.'sr 

>32 

1.0 

1.0 

^ Stio'ik on nuO»<*n( njrai 





As expected from flu* s<‘arcity of chemical information, little ex- 
planation can b<» givt‘n concerning the mechanism of action of most of 
the antibiotics from hact<Tia. Kspccially difficult is the explanation 
of \vi<le range of inhibition from one sp(‘cies, or even strain, of test or- 
ganism to anolInT. Mxplanation of antibiotic action of bacillin need 
not be (‘oneerneil with this point. 

TIu‘ neulralisniiig (ffiVei of para-aminabeiizoic acid upon the antibac- 
terial aelivify of Milfnnilamido and derivatives has led to the synthesis 
and (hunoiLst ration of antibacterial activity of a number of compounds 
relat(‘tl to growlh-])romoting compounds. A similar mode of action 
has been sugg(*st<‘<l i)y Mcllwuin^^’ for iodinin, the antibiotic of Chromo- 
bacterinm iodinwn, Iodinin is antagonized by substances having vita- 
min K a(‘tivity. Four possibilities were considered by Mcllwain: (1) 
reaction inhibit or an<l antagonist, in the absence of the or- 

ganism; (2) int(‘raclion, in the presence of the organism; (3) action 
of substunecH that normally promote growth of the organism; and (4) 
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other cases, in which the antagonist is more specifically related to the 
process of inhibition. Statement (2) applied to iodinin antagonism 
(.TABLE 6) . A competitive mechanism was proposed for the interaction. 
Competition existed between the antibiotic iodinin and certain non- 
antibiotic quinones. Cells that adsorbed the latter were capable of 
multiplying. Then, the iodinin was detoxified by reduction. 

The action of cephalin upon gramicidin is not similar, because of the 
dissimilarity of these compounds. Proof of a competitive action has 
not been reported for other bacterial antibiotics. 

The discovery that bacillin had reduced activity in complex organic 
media led to the investigation of the factors responsible (table 6) . It 


Table 6 

Mutually NEUTRALiziNa Quantities op Iodinin and 
2-Mbthtl-1 :4-Naphthaquinonb 
(From Mcllwain, H. Biochem. J. 37: 265-271. 1943.) 


Iodinin (M) 


Time (days) before appearance of visible growth in medium 
containiiig 2-methylnaphthaquinone (M) 



Table 6 

Inhibetoey Effect of Complex Organic Materials of Bacillin Activity 
(Dextrose-asparagine medium) 


Substance added 


None 

Brain-heart infusion, Difco 
N-Z-Case, Sheffield Farms 
Tryptone, Difco 
Yeast extract JDifco 
Beef extract, Difco 
Liver extract Wilson 
Beef blood, Difco 
Fresh whole rabbit blood 
Fresh rabbit serum 
Cephalin 
NaCl 
NaCl 
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may be noted that many of the common bacteriological complexes used 
for growth of bacteria had a depressing effect upon bacillin activity. 
Further, the depressing effect was found to be in direct relationship to 
the concentration of organic complex present in the medium. 

Since the most effective inhibitors of the antibiotic activity were 
products that had undergone partial hydrolysis, further hydrolysis 
was accomplished with sulfuric acid (table 7) . 


Table 7 

Effect of Acid Htdholtsis on ANTiBAciLiiiN Activitt of Natural Materials 


Supplement to 
dextrose^asparagine 
agar 

Dilution of bacillin concentrate 
inhibiting E, coli with 

Unhydrolyzed 

supplement, 

0.5 per cent 

Hydrolyzed 

supplement, 

0.125 per cent 

None 

7680-10,240 

7680-10,240 

Starch 

7680 

7680 

Agar 

7680 

7680 

Gelatin 

5120-7680 

480-640 

Casein 

>7680 

640-980 

Peptone 

1920-2560 

1280-1920 

Beef extract 

>7680 

7680 

Egg albumin 

1280-1920 

1280-1920 

Wheat bran 

>7680 

5120-7680 

Cottonseed meal 

>7680 

2840-5120 

Milk (solids bahis) 

<320 

1280-1920 


Proteinaceous materials became more effective in neutralizing bacil- 
lin upon hydrolysis, and the two essentially pure proteins, gelatin and 
casein, were highly effective after hydrolysis, although of no effect be- 
fore, Egg albumin and milk were the only unhydrolyzed materials 
having a neutralizing effect on the antibiotic. Because of a direct 
relationsliii) existing between concentration of supplement and neutral- 
ization of antibiotic activity, the activity reduction reported in the 
hydrolyzed supplement column of table 7 is one-quarter the amount 
that would have been obtained, if equivalent amounts of hydrolyzed 
and unhydrolyzed supplement had been tested. 

Further studies with gelatin conclusively showed that the factor was 
liberated upon gelatin hydrolysis, and liberation was, in fact, dependent 
upon acid concentration (table 8) . 

Liberation of the additional factor was found, with increased, time 
of incubation at a constant acid concentration, but after an optimum 
period, the concentration of the factor decreased. Enzymes had a 
similar liberating effeett 
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It was possible to prove that the factor was organic in nature, re- 
markably stable and specific, and to purify it to the stage that 0.25 y 
per ml. of agar would reduce the bacillin titer of a concentrate against 
Escherichia coli from 1:50,000 to 1:10,000. These facts indicated a 
compound of sufficient specificity for the name, antibacillin, to be ap- 
plied to it. 


TABIiS 8 

Eimci OF Stsenoxh of Acid on Libebation of Antibaciliin from Gelatin 


Concentrate of H 11 SO 4 used 
during hydrolysis^ 

Dilution of bacillin concentrate 
inhibiting E, col^ 

No supplement 

10,240 

Unhydrolyzed gelatin 

10,240 

0.25N 

2560-5120 

0.5N 

1280-2560 

IN 

320-640 

2N 

160 

4N 

160-320 

6.7N 

160-320 


'For 1 hour at 120®. 

3 Concentration of hydrolysat6»=0.2 per cent in all cases. Dextrose-asparaeine agar was the 
assay medium. 


Consideration of the postulates of Mcllwain, for explanation of neu- 
tralization of antibiotics, indicated that the antibacillin-bacillin effect 
is a competitive action, similar to that postulated for para-amino- 
benzoic acid-sulfanilamide or vitamin K-iodinin. 

From mixtures of bacillin and antibacillin in which the antibiotic 
activity of bacillin is completely inhibited, both substances rnay be re- 
isolated by a relatively mild adsorption procedure. The isolated sub- 
stances are fully active. This is strong evidence for a competitive ac- 
tion (table 9) . 


Attempts to demonstrate vitamin activity for antibacillin, in the 
same manner as previously established for para-aminobenzoic acid, 
have, so far, been inconclusive. Isolation as partial hydrolysis prod- 
ucts from proteins suggests similarity to the strepogenin of Woolley 
and Sprince.^^ It is true that highly purified antibacillin preparations 
do have strepogenin activity. However, consideration of the relative 
strepogenin activity and antibacillin activity of a number of concen- 
trates indicates a disparity that cannot be explained, if these two bio- 
logically active substances are considered identical (table 10). 

Demonstration of a vital function which antibacillin may play in 
the metabolism of the microorganism awaits further study. 
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Table 9 


RqISOLATION op BaCILLIN and AnTIBACILLIN from MiXTtJBBS 


Active substauce 

Bacillin activity^ 
Dilution inhibiting 

E. coli 

AntihadUin activity* 
7 /cc. of agar to reduce 
bacillin activity to 1/10 
of original 

Before 

noritet 

process 

After 

norite 

process 

Before 

norite 

process 

After 

norite 

process 

Bacillin 

Bacillin+antibacillinf 

Antibacillinf 

51,200 

<1,600 

19,200-25,600 

12,800-19,200 


MM 


* Dcxtrose^aspaingino medium, 
t Antibacillin prepared from hydrolyzed gelatin. 

1 Bacillm adsorbed fiom neutial solution on noiite and eluted with 90% EtOH. Antibacillin not 
adsoibod. 


Table 10 

Strepogbnin and Antibacillin Activity op Diffeiebnt Substances 


Substance 

Strepogenin activity*’' 

Antibacillin activityf 

mg./cc. 

ratio 

mg./cc. 

ratio 

Antibacillin concentrate 

0.03 

1.0 

0.0067-0.013 

1.0 

Strepogenin concentrate 
B^drolyzed gelatin 

Meat extract 

0.02 

0.67 

0.14-0.28 

21 

10 

330 

1.0 

100 

0.22 

7.3 

8.3 

830 

Dried milk 

4.4 

150 

0.10-0.20 

15 


* % maximum L, casei growth in ssmtlietic medium, 
f 90% reduction in E. coli units of baoillin m dextrose-asparagine agar. 


In conclusion, it may be slated that the purpose of this discussion 
has not been to review knowledge of antibiotics from bacteria. Rather, 
it has been to point out typos of studies needed for scientific apprecia- 
tion of the field. It no longer does more than confuse matters merely to 
report inhibition of a group of organisms by a bacterial culture filtrate. 
A more exact chemical appreciation of the antibiotics concerned is 
needed. Exhaustive toxicity determinations and tests of therapeutic 
effectiveness upon these chemicals, then, become more significant. 
Finally, we are approaching the stage when evidences of mode of action 
of the antibiotics may be gathered into concrete theories. 
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ANTIBIOTICS 

Part II 

PHARMACOLOGICAL 




THE PHARMACOLOGY OF STREPTOTHRICIN 
AND STREPTOMYCIN 

By Haks Moutob 

Merck Institute for I'hcrapeutie Research, Rahway, N, J. 

Although strcptothricin' and sti-eptomycin® possess rather similar 
chemotherapeutic properties, they differ considerably in their toxicity 
and pharmacodynamic effects. Furthermore, since neither of them 
has, as yet, been synthesized, nor is available in absolutely pure form, 
all studies, to date, have been performed with preparations containing 
varying amounts of impurities. Many of the pharmacological prop- 
erties observed may be due, tliereforo, to these, rather than to the active 
principles, a factor which obviously complicates the pharmacological 
and clinical evaluation. 

It may seem inappropriate to open a discussion of the pharmacology 
of streptothriciu and stroptomyoin by placing emphasis on impurities; 
yet, the longer one studies tliesc drugs, the less can one escape the con- 
viction that the pharmacology of streptomycin and streptothricin, in 
the form in which we know them today, is, to a very large degree, due 
to one of their “standard” impurities. 1 shall use this term, in the 
following discussion, to designate contaminants which, unless specific- 
ally removed, may be expected to be constantly present in prepara- 
tions of the average type, varying only quantitatively, but not quali- 
tatively, as long as the parent strains of AspergiUus lavendvlae and 
Aspergiihis grisetis, the composition of the nutrient media, and tlie 
processes of extraction, concentration, and finishing, remain the same. 
In contrast to these “stamlard” impurities, which are as much a part 
of the average streptomycin and str<*ptothricin preparation as the ac- 
tive principle itself (but which vary widely with preparations of dif- 
ferent origin), there may he found non-specific impurities, resulting 
from the use of impure ingrcdh'nts, accidental contamination, eiTors 
in manufacturing, improperly cleaned equipment or containers, etc. 
We shall not concern ourselves witli this type of non-specific impurity, 
which is rare and should never be encountered in a preparation that has 
been released for clinical use, provided, of course, that a rigid S 3 ^tem 
of control is maintained. 

The existence of “standard” impurities, in practically every prepara- 
tion of streptothriciu and streptomycin, needs to be stressed, because 
some statements, though based on valid experimental evidence, may 
later have to be modified or completely discarded, once the experiments 

( 101 ) 
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have been repeated with absolutely pure material. Nevertheless, the 
presence of these impurities does not significantly alter the results of 
the bacteriological potency assay and, for this reason, has probably no 
direct bearing on the chemotherapeutic usefulness of these drup, except 
that it may cause, or aggravate, some undesirable side-effects. 

In order to present as clearly as possible the complex picture of the 
pharmacology of agents which regularly carry varying amounts of 
several pharmacodynamically highly active impurities, I should like 
to describe, first, the findings obtained with average preparations of 
streptothricin and streptomycin, such as are generally used in the 
clinic. Next, we shall examine to what extent these pharmacological 
properties are modified by the “standard” impurities. Lastly, we 
shall review the possible clinical significance of each “standard” 
contaminant and, in this connection, discuss some of the presently 
adopted official standards. These are entirely based on pharmacolog- 
ical findings and represent a compromise between the desire to provide 
a safe agent, of known chemotherapeutic potency, and as little inter- 
ference as possible with the production of this urgently needed new 
drug which, at this time, cannot be produced economically, in pure 
form, on a commercial scale. 

The use of impure drugs in human therapy is, of course, nothing 
new or unusual. Patients have benefited for centuries from the 
prescription of such remedies as digitalis and ergot, and more re- 
cently, extracts of various glands, vitamin concentrates, protein hy- 
drolysates, etc. As long as the amount and type of impurity arc known 
and controlled, there can be little objection to the use of impure 
drugs, which indeed represent a major portion of today’s therapeutic 
armament. 

Streptothricin and streptomycin, which, in their particular domain, 
rival the therapeutic efficacy of penicillin, do not, however, share its 
almost complete pharmacodynamic inertness. Streptothricin is by 
far the more toxic of the two, but streptomycin, likewise, possesses, 
even in highly purified form, toxic properties that place a definite up- 
per limit on the doses which can safely be given. 

When injected into mice or rats, both agents produce quite similar 
effects. Almost immediately after an intravenous injection and only 
a few minutes after a subcutaneous injection, fhe animals exhibit res- 
piratory difficulties, lose consciousness and, with sufficiently large doses, 
may die from asphyxia, the heart continuing to beat for several minutes 
after complete cessation of breathing (fictobb 1) . However, while ani- 
mals which recover from the first impact of a sublethal dose of strep- 
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INTRAVENOUS SUBCUTANEOUS 



Figubb 1. Comparibon of acute toxidty of streptomycin and streptothrioin. 


tomyoin survive without further ill effects,®’ animals injected with 
streptothricin, after 1-2 days of apparently complete well-being, lose 
their appetite. Their fur becomes ruffled, they breathe with increasing 
(lifliculty, the uriiuuy ou(put decreases, and they die within several 
days after reappearance of the toxie signs®’ ® (figtjee 2) . This de- 
layed reaction is the outstanding toxicological difference between 
si-reptomycin and streptothricin. 

A similarly delayed onset of the toxic reaction is also observed in 
the topical application of streptothricin.® Instillation into a rabbit’s 
eye of a buffered solution, containing 500-1,000 units per ccm. of either 
agent, is likely to cause an immediate inflammatory reaction. This is 
much more pronounced with streptothricin, but generally disappears 
with botli drags within the 12-24 hours following application. How- 
ever, while, in the case of streptomycin, the eye remains normal there- 
after,® a second and much more severe reaction appears, after an addi- 
tional 24r48 hours, when streptothricin has been given.® It is char- 
acterized by an intense hyperemia and by the formation of a thin white 
membrane which completely covers the cornea. Even after 1-2 weeks. 
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Figube 2. Comparison of delayed toxicity of streptomycin and streptothricin. 

the palpebral fissure may still be shut by a mucoid mass of disinte- 
grated white cells. Permanent loss of vision is the usual outcome of 
a topical application of a streptothricin solution of the above concen- 
tration. With streptomycin, a delayed reaction of this type has never 
been observed (plate 4) . 

The doses of streptothricin tolerated for several weeks by mice and 
rats are relatively small (below 5000 units per kgm. per day) . Larger 
doses cause loss of body weight and muscle tone, gross hematuria, a 
steady decrease of urinary volume, and eventual death from renal 
insufficiency. Similar toxic effects are observed in dogs and monkeys, 
which, on a body wei^t basis, are even more sensitive than the smaller 
species.' 

Streptomycin, on the other hand, is tolerated by mice and rats, in 
average daily doses up to 200,000 units per kgm., for periods up to 
several months.* Since the units for streptothricin and streptomycin 
are practically of the same order of magnitude, the much higher 
toxicity of streptothricin becomes immediately apparent. 

When streptomycin doses exceeding the tolerated limits are given, 
characteristic patholo^cal changes are regularly observed, particu- 
larly in the larger animal species.^ The hepatic and renal function 
becomes increasingly impaired, as judged by function tests and bio- 
chemical criteria.® In addition to this, neurotoxic signs may develop 
after administration of sufficiently large doses, consisting, in rats, of 
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a high degree of hyperexcitability, restless, rapid, spasmodic, and un- 
coordinated movements in dogs, of a striking change in gait and pos- 
ture and, possibly, impairment of hearing.^ Autopsy of animals over- 
dosed with streptomycin reveals a fatty metamorphosis of the liver 
and, less frequently, the kidneys (plate 5). These changes, however, 
appear to be reversible, if the drug administration is stopped in 
time>» ^ 

Autopsy findings in dogs and monkeys injected with streptothricin 
show hepatic and renal changes, predominantly in the tubules, of a 
similar nature, although of greater severity and often progressing to 
complete necrosis®* (plate 6) . In addition to these changes, con- 
gestion and extensive hemorrhages, particularly around the capillaries 
of the mucosa, are found along most of the intestinal tract, as well as 
ulcerative lesions with marked suppuration and necrosis in the tongue, 
lips, and buccal mucosa. Local necrosis occurs at the site of intra- 
muscular or subcutaneous injections.^® 

The impairment of renal function, regularly observed in animals 
poisoned with streptothricin, appears to be closely related to the total 
amount of drug given. Thus, a single injection of 80,000 units per 
kgm. produced an almost complete anuria, on the sixth day after in- 
jection, while a single dose of 20,000 units per kgm. was ineffective in 
this respect. If, however, the number of injections was increased to 
20,000 units per kgm. daily, for 3 days, and 10,000 units per kgm. 
daily, for 10 days, results similar to those of a single injection of 80,000 
units were obtained® (figube 3). No such cumulative or delayed ef- 
fects were ever observed with streptomycin.* 

In contrast to the difference in delayed effect, the immediate action 
upon water diuresis is very similar with both drugs and depends 
largely upon the purity of the preparation. A single dose of either 
agent may cause a temporary inhibition, after which, in the case of 
streptomycin, the diuretic response soon becomes normal; while, with 
streptothricin, the course of recovery depends upon tiie quantity 
administered.® 

The acute effects of streptothricin and streptomycin upon the circu- 
latory and respiratory systems are quite similar. Small doses cause 
a transient increase in the depth and frequency of respiration, while 
large doses exert a depressing effect. Intravenous injection of a prep- 
aration of average purity causes peripheral vasodilatation and a sharp 
fall in arterial blood pressure.** ® These effects vary greatly with the 
purity of the preparation, the rate of injection, and the concentration. 
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being most pronounced when a concentrated solution is injected rap- 
idly (PIATE 7 A ) . 

The principal pharmacodynamic effects of streptothricin and strep- 
tomycin concentrates of average purity may, thus, be summarized as 
follows: (1) Both cause acute death from asphyxia; (2) upon pro- 
longed administration, both cause hepatic and renal damage; (3) both 
produce, upon parenteral administration, peripheral vasodilatation and 
a fall of blood pressure; (4) both temporarily inhibit water diuresis; 
(5) both produce local irritation, which, however, is much more severe 
with streptothricin. 

The drugs differ decidedly, however, in fheir delayed effects. These 
are very marked and quite regular with streptothricin, while they are 
completely absent with streptomycin. 

Streptomycin occasionally produces, upon repeated administration, 
neurotoxic disturbances, particularly of the auditory and vestibular 
systems.* Such disturbance’s have not been reported for streptothricin ; 
however, re-examination of old protocols suggests that such changes 
may, actually, have been present and may have been ascribed to the 
debilitated condition of the animals and the presence of uremia. 

The foregoing description provides a fairly complete account of the 
characteristic pharmacodynamic effects, which follow the administra- 
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tion of streptothricin or streptomycin of average purity. We shall 
now examine which of these effects are intrinsic properties of these 
antibiotics, and which may be ascribed to the “standard” impurities 
which accompany them. 

There is ample experimental evidence that, at least, the acute intra- 
venous toxicity, the circulatory effects, and the inhibition of water 
diuresis are largely influenced, if not entirely caused, by “standard” 
impurities. One of these is histamine-like, if not histamine itself. Its 
quantity varies considerably from lot to lot and depends, among other 
factors, upon the composition of the nutrient broth used for growing 
the parent molds, and the methods of extraction. This impurity 
may be destroyed by histaminase,*’ ® an enzyme which inactivates 
histamine. 

As may be seen from the difference in results obtained with the same 
preparation, before and after treatment with histaminase, this im- 
purity is largely responsible for the circulatory effects (plate 7B) and 
the temporary inhibition of water diuresis (itqtjbb 4) . It has, how- 
ever, no influence upon the acute intravenous and possibly subcuta- 
neous toxicity, as shown by a comparison of histaminase-treated and 
untreated lots* (pigubb 5). The fact that the smallest dose of his- 
tamine which regularly kills mice, upon intravenous injection, is at 
least 300 times larger than the amount of histamine found in the most 




Time in Hour? 

Ficpcteb 4. Bffeot of pure streplomyoin and streptomycin concentrate on the water diureses of 
rats. Hate of excretion = curve on left. Total volume = columns on right. 

A. Control cc. water per 100 gnu/lcgm. s.a 

B. Pure streptomycin 260 ing./kgm. s.c, 

Ga Streptomycin concentrate 260 mg./kgni. 8.O. 
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fiGUSB 5. Intravenous toxicity of histaminase treated streptomycin conoentiate. 


heavily contaminated lot of streptomycin, serves as a further con- 
firmation of this view. 

The degree of contamination with the factor (or group of factors) 
responsible for the acute toxicity is largely independent of the potency 
of the preparation. Thus, we find both low and high potency lots 
with a high subcutaneous or intravenous toxicity. Indeed, even the 
most highly purified lots with potencies of approximately 750 units 
per mgm. vary considerably in their intravenous and subcutaneous 
toxicity.* 

Since these highly purified lots contain only a very small amount 
of chemically unidentified substances and yet require only such small 
total doses as 2 mgm. per mouse, to produce acute death upon intra- 
venous injection, it follows that we are dealing with an extremely toxic 
impurity. This may also explain the fact that the presence of this 
impurity cannot yet be detected by any chemical means, and that the 
only method for its qualitative and quantitative assay consists in an 
intravenous toxicity test. We have, at this time, no information re- 
garding its chemical nature, nor do we know whether it consists of a 
single or of a group of contaminants. We can, however, postulate its 
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existence as a separate and distinct entity, because, in contrast to the 
other inopurity, it is not influenced by histaminase, and because even 
the most higlily purified lots vary as much as 100%, in their intraven- 
ous and subcuiuneous toxicity. 

The toxic manifestations, following administration of streptomycin 
and strcptothricin, may thus be divided into 3 groups: (1) Those due 
to the active principle itself ; (2) those due to the histamine-like con- 
taminant; (3) those caused by the highly toxic unidentified factor (s). 
The evaluation of the relative role of each of these elements in the 
composite, final, pharmacological reaction is complicated by the possi- 
bility that tlie specific action of each may be enhanced or decreased 
by the presence of the others. Thus, there is already experimental 
evidence that streptomycin is antagonistic to the histamine factor.^^ 

The renal and hepatic changes following administration of strepto- 
thricin and streptomycin are apparently caused by the active prin- 
ciples of those agents, since they occur independently of all other 
pharmacodynamic effects and seem to be closely related to the total 
amount of drug administered. Tlie delayed toxic reactions, charac- 
teristic of streptothricin, may also be regarded as a specific property 
of this antibiotic. Whether the neurotoxic signs, occasionally ob- 
served in animals^ and man^® after large doses of streptomycin, are 
caused by the agent itself (either due to overdosing or to an unusual 
sensitivity of the patient) , or whether they must be attributed to an 
impurity, is not known, since insufficient amounts of hi^ly purified 
lots have been available for investigation of this important question. 

The pharmacological data just presented enable us to assess the 
relative safety of streptothricin and streptomycin for therapeutic pm- 
poscs, and to evaluate the clinical significance of the two “standard” 
contaminants, the histamine-like factor and the factor responsible for 
the intravenous toxicity. 

The pronounced and lasting pathological changes which are likely 
to result from the parenteral administration of even a single overdose 
of streptothricin would seem to constitute too great a risk to permit 
consideration of parenteral administration of this antibiotic. It may, 
on the other hand, be quite safe for topical use, including that upon the 
gastrointestinal mucosa after peroral administration, since it is not 
absorbed to any marked degree from the gastrointestinal tract.® 
Such topical use may be indicated, not only for sterilization of the 
gastrointestinal tract, but particularly for the treatment of dermal 
fungus infections which do not respond to streptomycin.® 

The next question concerns the extent to which side-effects and com- 
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plications may be attributable to the “standard” contaminants of 
streptothricin and streptomycin. Through close cooperation with clin- 
ical investigators, we have been able to study this problem by compar- 
ing the clinical reports, concerning individual lots, with the pharma- 
cological results obtained with the same lots in animals. It soon be- 
came apparent that the one finding which permitted a reasonably ac- 
curate prediction of the clinical suitability of a particular lot, was its 
effect on the blood pressure. Lots which depressed it to any marked 
degree were frequently found to produce in patients nausea, vomiting, 
headache, flushing of the face and skin, and occasional fainting 
spells.”'*® These undesirable, although generally not dangerous, side- 
effects were most likely to occur when highly concentrated solutions 
were injected directly into the blood stream. 

There was much less agreement between clinical and animal findings, 
with regard to the intravenous toxicity and pyrogenicity. While lots 
producing in rabbits a typical pyrogenic reaction were obviously never 
sent to clinicians, there were, nevertheless, not infrequently reports of 
marked rises in body temperature after the first or second day of treat- 
ment, which disappeared after withdrawal of the drug.*®’ *®' *® No 
satisfactory explanation of this phenomenon can, as yet, be given, ex- 
cept that it seems to depend as much upon the sensitivity of the in- 
dividual patient as upon the particular lot used. The same is true 
for the findings of severe arthral^a and skin rashes,*®’ *®’ *' which, 
thus far, can not be correlated with findings in animal tests. Neither 
have we been able to evaluate the clinical significance of the impurity 
causing acute death upon intravenous injection, although there is, per- 
haps, a suggestion that neurotoxic disturbances may more frequently 
occur with lots of high intravenous toxicity. 

The preliminary standards for streptomycin established by the Food 
and Drug Administration are based on the results of animal experi- 
ments and clinical findings. They exclude from clinical use lots which 
are excessively contaminated with the histamine factor, which have 
a high intravenous toxicity, and contain bacterial pyrogens (table 1). 

Considering the fact that all clinical work, to date, has been per- 
formed with samples of streptomycin containing varying amounts of 
at least two distinct contaminants, it seems justified to expect that the 
use of more hi^ly purified preparations will still further reduce the 
undesirable side-effects, which, even now, are not frequent and have 
failed to create a serious obstacle in its use. 

On the basis of its general pharmacological and toxicological proper- 
ties and its extraordinary chemoiherapeutic activity, the conclusion 
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Table 1 


Lethal Toxicity op Highly Pubifibd Streptomycin Samples 


Sample 

number 

Potency 

Blood 

Pressure 

L.D. 50 Mgm^lKgm, 

Ratio of 
intravenous 
to subcutar 
neous L.D. 50 


(Histamine- 
like) effect 

Intravenous 

Subcutaneous 

320 

800 

Negative 

145 

600 

1:4+ 

8798 

670 

Negative 

150 

750 

1:5 

225 

700 

Negative 


850 

1:5 

389 

800 

Negative 

185 

750 

1:4 

9803 

750 

Negative i 

250 

1250 

1:5 

9767 

750 

Negative 


1150 

1:4- 


Lethal Toxicity of Streptomycin Concentrates of Average Purity 


179 

210 

++ 

100 

750 

1:7.5 

181 

320 

+ 

75 

600 

1:8 

187 

230 

+ 

100 

700 

1:7 

169 

210 

+++ 

100 

400 

1:4 

174 

280 

++ 

125 

1050 

1:8+ 

184 

260 

+++ 

75 

750 

1:10 

223 

200 

+ 

175 

1*250 

1:7+ 


seems permissible that streptomycin is a safe chemotherapeutic agent. 
However, there still remains a great deal of experimental work to be 
done, before it can be used with a maximum of safety and efficacy. 
It must be kept in mind that, unlike penicillin, streptomycin as well 
as its impurities are pharmacodynamically very active compounds. 
A more detailed knowledge of their toxicologic properties is, therefore, 
a matter of great importance in the everyday use of the drug. This 
is in contrast to penicillin, where these aspects may be regarded as a 
question primarily of academic interest. 
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Plate 4 

Delayed effect of local application of streptothricin to rabbit eye 
Streptothncin (1000 units/ cc ) instiiled in left eye for 30 min on 1/23/46 
Photographed 14 days later 
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Plate 6 

Fatty metamorphosis of liver (streptomycin) . 

Liver section of a monkey injected intravenously with streptomycin (25;000 
units/kgm./day), for five consecutive da 3 rs. (Sudan Stain IV.) 
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Fun 6 

Kidney necrosis (sfcreptothncin) 

Kidney section of a monkey dosed orally with streptothncin (10000 units/kgm / 
day), for 62 consecutive days (H & E Stain ) 
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Plate 7 

A Compaxison of blood pressuie effect of different lots of streptomycin 
Cat Wt 3 43 kg— Nembutal anesthesia, 30 mm /kg I P 
(A) Histamine— 0 01 mg , (B) Strcptomycm Lot 169—6000 U/kg , (C) Strepto- 
mycm Lot 162—6000 U/kg , (D) Stieptomycm Lot 162—10000 U/kg ; (E) 
Streptomycin 6R8798— 10,000 U/kg , (F) Streptomycm 6R8869— 10,000 U/kg 

B Circulatory effects befoie and after hi&taminase treatment 

Cat Wt 325 kg— Nembutal anesthesia, 36 mg /kg 8 C 1 Histamine HCl— 
000005 mg /kg 2 Streptomycin concentrate Lot 206—60 U/kg 3 Strepto- 
mycm concentiate Lot 206, lustammase treated— 60 U/kg 




STREPTOMYCIN AND STREPTOTHRICIN: 
THE ABSORPTION, EXCRETION, AND 
CHEMOTHERAPEUTIC PROPERTIES 


By Harry J. Robinson 

Merck Inxtitulc for Thempciilic lirxtwch, Hnhway, N. J. 

From the reports on the phaa-niacological and pathological efleots 
produced in animals, following streptomycin and strcptothricin admin- 
istration, it is evident that the toxicity of these two substances differs 
in a number of respects.^'* In contrast, the antibacterial activity of 
streptomycin and streptothricin is remarkably similar, as shown by the 
fact that both antibiotics arc mainly active against gram-negative 
bacteria in vitro ’'’ " and in vivo.*' '' MoreoviT, both agents inhibit the 
growth of some gram-positive species, as well as certain acid-fast 
micro-organisms, including the human tubercle bacillus.*"’ *' How- 
ever, the spectrum of antibacterial ai’tivity of streptomycin and 
streptothricin is not identical, as illustrated by the greater fungistatic 
activity of the latter,'’ also by the variation in th(‘ action of the two 
drugs against certain strains and species of bacteria. 

The following discussion deals primarily with streptomyc’in, sin<’<’ 
this drug has been studied more extensm’ly in the (’Xperimcntal ani- 
mal, as well as in man. In addition, the behavior of the two dnigs, 
with respect to absorption, excretion, and chemotherapenti(’ jwoperties, 
appears to be almost identic’al. Therefore, in tlu* interest of space, 
reference’ to streptothricin will only be made when the behavior of thi’ 
two drugs is sufficiently difTerenl to warrant special comnu’nt. 

Drug Administration 

A(ju(’ous solutions of each drug Ijave b(>en administered by a varh’ty 
of methods, including continuous intravenous and intramuscnlar elrip 
and intennittent intravenous and intramusc’ular inje’ction, and by the 
subcutaneous, intrathecal, and peroral route. More r<‘C(’ntly, strep- 
tomycin has been given by nebulization. It. will be notc’el tluit the. 
studies on streptothricin have lieen confined to animals, whereas the 
results jn'esented on streptomyc’in wer(' obtained in both animal and 
man. 
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ABSORPTION 

Although considerable information is now available on the absorp- 
tion of streptomycin in animals^^ and man,^^"^" much less is known 
about this subject with regard to streptothricin.- All of the available 
information on both drugs has been obtained by using biological assay 
methods,-®-^® which have certain well-known limitations. In view of 
the latter, the findings reported in the present communication may 
subsequently be modified, either by improved biological assay pro- 
cedures, or by the development of suitable chemical methods for the 
quantitative determination of these drugs in body fluids. 

Single-Parenteral Injection 

Observations of a number of investigators in animals have shown 
that, following the parenteral injection of a single dose of streptomycin, 
the drug concentration in the serum reaches a peak shortly after the 
injection, and thereafter decreases at a uniform, but relatively rapid, 
rate, over a 2 to 6 hour period. When large doses are given, the peak 
concentration is higher, and detectable amounts of streptomycin re- 



TIME IN HOURS 

PiGTjRB 1. Blood concentration of streptomyem in mice. 

(SteliliinB, B. B., O. B, Oraessle, jb K. J. Bo'bliisoii. Proc. Soc. Iflxp. Biol, & Med, 

SO: 6S-72. 1945.) 
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main in the blood longer than when smaller doses are injected. For 
example, in mice, a single subcutaneous injection of 6 mg,* per kgnj. 
produced an average blood concentration of 6.5 naicrograms per cem, 
within 15 minutes. Thereafter, the blood levels declined to approxi- 
mately 2 micrograms per ccm., within a 2 hour period (figure 1). 
Larger doses of 50 mg. per kgm. resulted in correspondingly higher and 
more prolonged blood concentrations, although, here again, the drug 



FitiURi] 2. Htic*ptoniyein levclb in the blood of the dog. 

(Stebblns, B. B., O. B. Graessle, Sb B, J. Boblnson. Proc. Soc. Exp. Biol. & Med. 

60 ; 68 - 72 . 1945 .) 

disappeared quite rapidly from the blood. In larger animal species, 
such as the dog and monkey, single intravenous injections of 100 mg. 
per animal (3.7 and 7.4 mg. per kgm.) produced average blood levels 
of streptomycin ranging between 20-30 micrograms per ccm., immedi- 
ately following the injection. At the end of 4 hours, the blood con- 
centration decreased to 2-3 micrograms per ccm. fpiGUSB 2). Essen- 
tially the same results were obtained with streptothricin (pigube 3) . 


^ 1 mioxogram = 1 unit. 
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These observations have been extended to humans by a number of 
investigators.^'*® In general, the absorption appears to be essentially 
the same as in the lower animal species. After intravenous injections 
of 600 mg. of streptomycin to patients, it was found that the average 
blood concentration was 32.8 micrograms per ccm., fifteen minutes after 
the injection. At the end of 6 hours, 4.9 micrograms per ml. were still 
found in the majority of patients.^ When the same amount of drug 
was given as a single subcutaneous injection in 1% procaine solution, 



the maximum blood level was not attained until between 2 and 3 
hours. Likewise, when administered by intramuscular injection, the 
maximum blood concentration was not as high as that obtained follow- 
ing the intravenous injection, but the blood concentration was main- 
tained at a higher level over the 6 hour period. 

Smaller single doses of streptomycin produced correspondingly lower 
blood concentrations, which were not maintained beyond 3 hours. 
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Repeated Parenteral Administration 

It is apparent, from the foregoing results, that therapeutic drug con- 
centrations can be maintained in the blood for at least 3 hours, follow- 
ing injection of an adequate dose. By giving streptomycin or strep- 
tothricin every three hours by intramuscular injection, the blood con- 
centration can be maintained at a therapeutic level, the latter depend- 
ing upon the dose administered. This can be readily seen in monkeys 
and dogs, in which the intramuscular injection of 8 mg. every 4 hours 
afforded levels ranging between 5 and 18 micrograms (figxjke 4). 



Fxoubb 4. Streptomycin levds in the blood of the monkey. 

(Stehblxis, B. B., O. E. araessle, & H. Or, Bohlnsou. Proc. Soc. Exp. Biol. & Med. 

60: 68-72. 1945.) 

Zintel et report that, in man, repeated administration of strep- 
tomycin every 8 hours leads to an additive or cumulative effect. Thus, 
the injection of 3.0 gm. per day in the form of divided doses resulted 
in blood concentrations between 20 and 60 micrograms per ml. 

Hirshfeld^® found some patients who developed a concentration of 
almost 200 micrograms per ccm. of serum, shortly after receiving doses 
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of 1 gm. every six hours. As with other chemotherapeutic agents, 
therefore, it is advisable to follow the blood concentrations carefully. 

Continuous Parenteral Administration 

The methods of continuous intravenous and intramuscular infusion 
have been employed with considerable success. Of the two procedures, 
the intramuscular infusion may prove to be the method of choice, since 
the desired blood concentrations may be obtained without the occur- 
rence of certain untoward reactions, which are occasionally seen follow- 
ing rapid intravenous administration. However, this may not be an 
important factor, when pure streptomycin becomes available for clin- 
ical use. 

Although there have been no animal studies reported, to date, using 
the continuous drug infusion procedure, a number of reports have de- 
scribed the findings in man.^' In most cases, the total daily dose of 
streptomycin was dissolved in physiological saline or 6% glucose solu- 
tion, and given at a uniform rate over the 24 hour period. For exam- 
ple, some investigators^^ dissolved the total dose in 1000 ccm. of saline 
and regulated the flow to 8-10 drops per minute. Others used a 
greater volume of fluid. When 3.0 gm. of streptomycin, dissolved in 
3000 ccm. of a 5% glucose solution, were administered daily by continu- 
ous intravenous infusion, Zintel et al.^* obtained blood levels of strep- 
tomycin varsdng between 20 and 60 micrograms per ccm. of blood. 
Lower doses of 1.0 gm., by either the intravenous or intramuscular 
method, produced blood levels ranging between 10 and 20 micrograms 
of streptomycin per ccm. of blood. Slavin*® reported somewhat higher 
values, under similar conditions. 

Oral Administration 

All reports agree that, when streptomycin is given by mouth to vari- 
ous animal species or to man, the drug concentration in the blood is low, 
even when relatively large doses are administered. In animals, similar 
results have been obtained with streptothricin. Heilman et al}’’ re- 
port that doses of 500 mg. of streptomycin per day by mouth did not 
produce detectable amounts of the drug in the blood serum of patients. 
Others^® report that, in man, only 0.22 microgram of streptomycin was 
foimd in the blood, when 1.0 gm. was administered by this route. 
Studiw with dogs diow that relatively high blood levels can be ob- 
tained, in some animals, if doses of 80 to 50 mg. per kgm are given by 
mouth. Smaller doses produce correspondingly lower levels. 
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Further evidence that some streptomycin or streptothricin is ab- 
sorbed following oral administration, may be seen in experiments with 
infected mice. Thus, it is possible to protect animals infected with a 

Table 1 

Total Urinary Excretion by Monkeys following Dividbd Intramuscular 

Dosage op Streptomycin 


(StebbinSy R. B., O. E. Qraessle, & H. J. Robinson. Proo. Soc. Exp. Biol. & 

Med. 60 : 68-72. 1945.) 


Monkey 

No. 

Time, 

days 

Dose, 

unita/Kg 

X 1000 

Total 

daily 

dose, units 
X 1000 

Units 
excreted 
in 24 hours 
X 1000 

% Daily 
dose 
excreted 

Total % 
recovered 

1 

1 

10 

28.9 

19.9 

69 • 



2 

10 

28.9 

20.3 

70 



3 

10 

28.9 

14.9 

52 



4 

10 

28.9 

13 6 

47 



5 

10 

28.9 

18. S 

63 

60 


6 

— 

— 

4. 




7 

— 

— 

.4 




8 

- 

— 

1. 




9 

— 

— 

.6 




10 

— 

— 

.7 




11 

— 

— 

.0 


65 

2 

1 

10 

32.4 

19 8 

61 



2 

10 

32.4 

20.5 

63 



3 

10 

32 4 

17.1 

53 



4 

10 

32.4 

16,4 

51 



5 

10 

32.4 

24 5 

76 

60 


6 

— 

— 

4.3 




7 

— 

— 

.8 




8 

— 

— 





9 

— 

— 





10 

— 

— 

.9 




11 

— 

— 

.0 


66 

3 

1 

50 

167 

70. 

42 



2 

50 

167 

90. 

54 



3 

50 

167 

78.4 

47 



4 

50 

167 

72. 

43 



5 

50 

167 

54. 

32 

44 


6 

— 

— 

7.2 




7 

— 


1.6 




8 

— 

— 

1.3 




9 

— 

— 

1.1 




10 

— 

— 

.6 




11 

— 

— 

.0 


46 

4 

1 

” 50 

154 

58 4 

38 



2 

50 

154 

37.5 

24 



3 

50 

154 

98.8 

64 



4 

50 

154 

64. 

42 



5 

50 

164 

32.6 

21 

38 


6 

— 

— 

7. 




7 

— 

— 

1.4 




8 

— 

— 

.8 




9 

— 

— 

.6 





— 

— 

.3 




11 

— 

— 

.0 


39 
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streptomycin-sensitive pathogen such as Salmonella schottmuUen, 
provided large amounts of streptomycin or streptothricin are given by 
mouth.'’ It is evident, however, that the effective dose by mouth is 
approximately 30 times greater than the parenteral dose, and that 
these drugs are not readily absorbed from the gastrointestinal tract. 

The low blood concentration of streptomycin following oral adminis- 
tration may be accounted for by an examination of the feces. Studies 
both in animals’® and humans’* indicate that much of the drug can be 
recovered in the feces, providing suitable extraction procedures arc 
employed. Dop given streptomycin perorally, on an empty stomach, 
in doses of 100 and 200 mg. per kgm., and sacrificed 24 hours later, 
showed that 60 to 80^ of the drug remained unabsorbed from the 
gastrointestinal tract (table 1) . Some of the drug could be accounted 
for in the urine, but approximately 20-30% could not be recovered. It 
would seem reasonable to assume that a certain amount of streptomycin 
is inactivated in the animal, either by destruction or by the conversion 
into an inactive form. A second possibility is that the chemical extrac- 
tion procedures employed and the assay methods are not satisfactory. 
Possibly, the availability of a chemical method of assay will aid in the 
elucidation of this problem. 

Intrathecal Administration 

For reasons which will become apparent later, in connection with 
the diffusion of streptomycin in body fluids, it is sometimes necessary 
to give streptomycin by the intrathecal route. By and large, the 
results of all investigators show that, following intrathecal adminis- 
tration, streptomycin remains in the spinal fluid for a long period of 
time. Thus, 24 horns after a single intrathecal injection of 15 to 20 
mg., Bugp et al. report spinal fluid levels ranging from 13 to 25 micro- 
grams per ccm. Similar findinp were reported by others.” Clinical 
reports by Birmingham** and Heilman et al.” indicate that no un- 
toward reactions appear, using this route of administration. On the 
other hand, Bugp et al.,’* working with a single lot of streptomycin, 
report that all their patients treated intrathecally with streptomycin 
showed signs of meningeal irritation, as evidenced by the increased cell 
coimt and pain in the neck and head. 

Administration by Nebulization 

Preliminary experimental and clinical studies show that strepto- 
mycin can be pven by nebulization, without producing irritation of the 
mucosa of the tracheobronchial tree. However, in spite of administer- 
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ing doses as large as 500 mg. daily, over a four week period, Heilman^^ 
and her co-workers could not find streptomycin in the blood serum, 
and the excretion of the drug in the urine was negligible. Considerable 
work remains to be done, before definite conclusions can be drawn re- 
garding the usefulness of this route of administration. 

Distribution of Streptomycin in Various Body Fluids 

With few exceptions, streptomycin diffuses faiidy rapidly into most 
body tissues, following parenteral administration. 

Diffusion into Cerebrospinal Fluid 

Diffusion of streptomycin into the cerebrospinal fluid does not take 
place readily. With doses of 1.0 gm. to 3.0 gm. per day, given by 
intermittent intramuscular injection, the cerebrospinal fluid levels 
ranged between 1-5 micrograms per com. The blood levels in these 
same patients ranged between 12-27 micrograms per ccm.^‘ With 
smaller doses, the drug is not detectable in the cerebrospinal fluid. It 
is apparent, therefore, that, when high concentrations of streptomycin 
are desired in the cerebrospinal fluid, the drug must be given by the 
intrathecal route. The dosage and drug levels obtained by this 
method have been presented in a previous section of this paper. 

Peritoneal Fluid 

Following parenteral administration, streptomycin rapidly appears 
in the peritoneal fluid. Murphy and Ravdin^''' have shown that 
sti'cptomycin enters the peritoneal cavity, both in normal animals 
and in animals with peritonitis. In man, most of the studies concerned 
with peritoneal fluid were performed on patients with ascites, due either 
to cirrhosis of the liver or to cardiac decompensation. In general, the 
results show that streptomycin first appears in the peritoneal fluid 
Yi hour after- drug administration. Thereafter, the concentration in- 
creases, while the blood level decreases Ifiouke 5). Doses of 500 or 
600 ing., given as a single intravenous or intramuscular injection, pro- 
duce peak levels of 15 to 23 units per ccm. Smaller doses produce 
correspondingly lower fluid concentrations. 

Pleural Fluid 

In man, the appearance of streptomycin in pleural fluids appears 
to be somewhat slower than in the peritoneal fluid. Thus, fifteen min- 
utes following a single intravenous injection of 600 mg., no strep- 
tomycin was found in the pleural fluid, despite a blood concentration of 
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30 uoicrograms per ccm.^^ Two hours later, there were only 6 micro- 
grams of streptomycin per ccm. of pleural fluid, and 15 micrograras per 
ccm. in the blood. Buggs et al^‘ report that, after a single injection, 
streptomycin does get into the pleural fluid, but in rather low coucen- 



Figuhd 5 Diftusion of ^treptomytm into pentoneal fluid folloi^uil? a single intiavonous injec- 
tion of 600,000 umtb. 

(Zlntel, H. A., K. F. FUppln, A. C. Nicliolg, M. M. WUey, 88 J. E. Rboads. Am, J. 
Med. Sci, aiO: 421-430. 1045 ) 

trations. Other studies show that, when streptomycin is given by re- 
peated injection over a 24 hour period, higher pleural fluid concentjra- 
tions are found, but there appears to be considerable variation from 
patient to patient. 


Ocular Fluids 

Studies in animals show streptomycin to be present in both the 
aqueous and vitreous humors of the eye, following intravenous and 
intramuscular injection or local application.** In a patient with 
glaucoma, 3 micrograms of streptomycin were found per ccm. of aqueous 
humor, 30 minutes following intravenous administration of 600 mg. 
The streptomycin level in the blood, at this time, was 40 micrograms 
per ccm.'* 
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Fetal Blood and Amniotic Fluid 

Both Hcihntin et al}’^ and Zintcl et agree that streptomycin does 
enter the fetal circulation and the amniotic fluid. Both groups of 
invcbtigalorb administered btreptoniycin before the time of delivery and 
obtained bpeciincns of fetal blood at the time of deliveiy. Zintel et al 
found, in one patient, that the btroptomycin concentration was 8 micro- 
grams per ccni. of maternal blood; 9 micrograms per com. of cord blood; 
and 7 micrograms per ccm. of amniotic fluid, 2 hours after the intra- 
venoub injection of 250 mg. 


EXCRETION 
Renal Excretion 

iollowmg i)arenteral administration, btreptomycin and strepto- 
tliricin are I’eadily eliminated from the body, the major portion being 
excreted in the urine. P]xperimcntal studieb show that approximately 
50-80^ oi btreptothricin or streptomycin can be accounted for by 
renal excretion. Similar findings have been reported for strep- 
tomycin, in man.^‘ Streptomycin and streptothricin are rapidly 
eliminated from the l) 0 (ly, provided fluid intake is adequate and renal 
function is normal. If renal function is impaired, as after the admin- 
istration t)t streptothricin or, at times, with large doses of some lots 
of crude btreiitomycin. the drug accumulates in the body. 

Quantitative studies on the rate of excretion of streptomycin and 
btreptothricin show that most of the drug is excreted within the first 
12 hours after tlie injection, but small amounts continue to be ex- 
creted as indicated above (fkiure 6). Eeimann et report that 
the concentration wliich appears in the urine, at any given time, is 
inversely lU’oportionate io the volume of urine. Hence, by restricting 
the fluid inlak(‘ io 1200--150() ccm. per day, it was possible to increase 
the slrepiomyein level in ihe urine of patients considerably. This 
procedure may bo of importance for the treatment of urinary tract 
infection, where high urinary concentrates of streptomycin may be 
desirable. 

Streptomycin and streptothricin have been isolated as active, color- 
less solids from the urine of dogs, by Tennent.^^ However, since, for 
the present, this material can only be characterized by pharmacological 
and bacteriological tests, it is not possible to state anything more about 
the urinary excretion products of streptomycin or streptothricin, be- 
yond the fact that they possess the same antibacterial action as the 
parent substance. 
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Excretion of streptomycin also occurs in the bile, as shown by the 
fact that, in man, bile levels ranging between 7.6-12.5 microgranw per 
cem have been reported after the administration of from 100 to 125 


Unrls/cc zirme 



TiTne \n ]nours 

Fioori 6. ITnnuiT excretion of stieiJtoinjTin lollowiiiK a siiirIo mtiu.\<‘nous dose ol 600, (KM> umiB; 

aveiuRo oi ten cases. 

(Zint^ K. A., H. F. FUppln, A. C. XHcIioXb, U. M. WUey, 8s E. Bboads. Am. J. 
Med. Sci. 210; 421-430. 1945.) 

mg. of streptomycin.^^’ Studios in animals show that 2-6% of the 
drug is excreted in the bile. Fecal excretion following parenteral 
administration is negligible, but accounts for most of the drug when 
oral administration is employed. 

DISTRIBUTION IN TISSUES 

In view of the absence of a specific (chemical) quantitative test for 
streptomycin, this phase of the study is at present incomplete. Ad- 
cock“ assayed various tissues of two patients who died of tuberculous 
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meningitis while receiving streptomycin. His findings are presented 
in TABLE 2 and show most of the drug to be present mainly in the kid- 
ney or gall bladder bile. 


Table 2 

Tissue Levels oe Stbeftoiavciit 
(A dcock, J*. D., University of Michigan, Ann Arbor, Michigan.) 


Tissue 

Micrograms of streptomycin per gm. 

Case I 

Case II 

Post-mortem serum 

12 

43 

Gall bladder bile 

21 

— 

Kidney 

20 

96 

Lung 

6 

6 

Heart muscle 

1 

5 

Brain 

0 

trace 

Liver 

0 

trace 


CHEMOTHERAPEUTIC ACTION 


In vitro Studies 

An abimdant literatm’o has accumulated, in the few years since the 
discovery of streptothricin and streptomycin, concerning the action of 
these agents in vitro against a variety of bacteria, fungi, viruses, and 
protozoa. A good deal of the available data is conflicting and requires 
further interpretation, because of the different bacterial strains and 
techniques used by the various investigators. Despite these diflS- 
culties, certain definite conclusions may be drawn. Streptomycin and 
streptothricin in small quantities are bacteriostatic for a variety of 
gram-negative and gram-positive bacteria (^ablb 8). In addition, 
the tubercle bacillus is sensitive to both substances.^- **- ** It 
will bo noted that certain species of a given genus are more resistant 
than others, and, at times, this spread of resistance may be consider- 
able. Other bacterial species, including the pathogenic spore-bearing an- 
aerobes,® as well as the fungi,®- viruses,*®- ®* and certain protozoa**-*® 
are also resistant to streptomycin and streptothricin. On the other 
hand, certain fungi are inhibited by streptothricin in concentrations 
ranging between 250 and 500 micrograms per ccm.® These results are 
not modified by the presence of blood or other body fluids. 

Action in vivo 

In general, organisms which are sensitive to streptomycin or strep- 
tothricin in vitro, are also sensitive in vivo. Some of the experimental 
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Tabus S 


Bactbbiostatio aot) Fungistatic Activitt op Stkbptomtcin Aqab-Stbeak Test 


Gram-n^ative organisms 

No. of strains 
tested 

Y of streptomycin 
per ml. required 
for inhibition 

E. coli 

5 

3.76-7.5 

E, typhosa 

9 

7.6 -120 

B. acidUactiei 

1 

60 

S, aertrycke 

1 

30 

S, enteritidis 

2 

3.75- 30 

S. schaUmiiUeri 

2 

15- 30 

B.flexneri D 

1 

1.875 

B, sonne 

1 

7.5 

P. leptisepticum 

1 

3.75 

B, protem 

4 

30 

B. pyocyaneus 

5 

60->400 

A, aerogenea 

3 

3.75- 60 

H, pertussia 

1 

>240 

H. influenzae 

3 

3.76 

B. frtedld.7ideri (KlebsieUa pneumoniae) 

6 

7.6->240 

3, typhi-murium 

K, rhinoaderomatia 

1 

1 

15 

0.9 

3. panama 

1 

30 

B, viscoaum 

2 

3.75- 15 

Aik, fecalis 

1 

60 

Paratyphoid A 

1 

30 

Paratyphoid B 

F. cholera 

1 

1 

120 

15 

F. metchnikoni 

1 

7.5 

3arcina Ivtea \ 

1 

7.6 

N, meningUidia Type I 

1 

1.876 

N, meningUidia Type II 

1 

1.876 

N, menin^idia Type II a 

1 

7.6 

Xardhomonaa jugumdis 

1 

1.875 


infections in which streptomycin or streptothricin have been tried are 
those associated with the following organisms or diseases: The colon- 
typhoid group,®’ ® SalmoneUa infections,®’ ® brucellosis,®®’ ’’ tulare- 
mia,®*’ *® tuberculosis,*®’ *® Klebsiella*^ Proteus,*^ and Pseudomonas 
pyocyanea infections; rabbit syphilis,*®’*® leptospirosis,*' and experi- 
mental relapsing fever;*' murine pertussis*® and streptococcal staphylo- 
coccal, and pneumococcal infections.® In addition, the drugs have 
also been tried in certain virus, fungus, and protozoan diseases, with- 
out success. 

Es^erimental Colon-typhoid and Salmonella Infections in Mice 

Among the bacterial infections which respond to streptomycin and 
streptothricin therapy, are those produced by most strains of Escherichia 
coli, SalmoneUa schottmvXleri, SalmonelUi aertrycke, EhertheUa typhi 
and Aerobacter aerogenes.*' ' In mice, single doses of 2.6 to 6.0 mg. 
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Tablb 3 (Continued) 


Gram-positive organisms 

No. of strains 
tested 

Y of streptomycin 
per ml. required 
for inhibition 

Corymba(Uerium pseudodiphiheriae 

1 

3 75 

Ccrynebactenuyn diphtherias (avirulent) 

2 

1.87-3.75 

Corynehacteriiim xerosis 

2 

3.75 

Corynebacterium hoffmarmi 

1 

7.5 

Corynebacterium dipfitheriae gravis 

1 

15 

Corynebacterium avis 

2 

3.75 

Corynebacterium pseudotvherculosis 

1 

16 

Corynebacterium rendlis 

1 

7.5 

Corynebacterium pyogenes 

2 

7.5 

Corynebacterium egut 

3 

3.75 

Strep, fecalis 

1 

60 

Strep, egui 

2 

15 

Strep, hemolyticus 

4 

15->120 

Strep, viridans 

2 

120->120 

Strep, lactis 

1 

30 

Strep, liquefaciens 

1 

240 

Staph, aureus 

7 

3.76->120 

D, pneumoniae I 

1 

30 

D. pneumoniae II 

1 

30 

B. mycoides 

B. svhtUis 

1 

1 

3.75 

1.875 


Anaerobes 


Cl. welchii 

1 

>104 

Cl, tetani 

1 

>104 

Cl, sepUcum 

1 

>105 

Cl. sordelli 

1 

>105 


Pathogenic Fungi 


Cocddioides immunitis 

1 

>8000 

Monilia albicans 

1 

>8000 

Cryptococcus neoformans 

1 

>4000 

Epidermopkyton inguinale 

Microsporum canis 

1 

1 

>4000 

4000 

Sporotrichum schetichii 

1 

>4000 

Trichophyton gypseum 

1 

3500 

Trichophyton tnentagrophyies 

3 

4000 


per kgm. of either drug, given intravenously or subcutaneously imnae- 
diately after the bacterial inoculation, were sufficient to protect a large 
percentage of the mice from a lethal infection of the foregoing organ- 
isms. Under similar conditions of infection, the drugs were even 
more active when given by intraperitoneal injection, but considerably 
less active when given by mouth.® Essentially the same results were 
obtained when streptomycin or streptothricin was given in the form 
of multiple doses every 6 hours (table 4). 
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Experimental Brucellosis 

Studies in the infected chick embryo by Jones/ and in the guinea pig 
by Live et aL, suggest that streptomycin is an effective agent for the 
treatment of experimental infections due to BruceUa abortus. Live 
and his co-workers *“ report tliat the treatment of infected guinea pigs 
with 6.0 mg. of streptomycin, in the form of divided doses, had a 
definite bacteriostatic effect upon Brucella abortus. Larger doses of 
30 mg. appeared to eliminate the infection entirely, in most animals, 
as determined by autopsy and culture procedmes. It is important 
to recognize, however, that the lesions produced in man and the experi- 
mental animal are not identical and ^at, therefore, it is not possible 
to predict what influence streptomycin will have on brucellosis in man. 

Experimental Tularemia 

According to Foshay,'*® Pastmrella tviarensis is extremely sensitive to 
streptomycin. In vitro studies show that as little as 0.25-0.4 microgram 
per ccm. is sufficient to inhibit the growth of this organism, whereas 2.0 
micrograms are bactericidal. Studies by Heilman et aV^ and Chap- 
man et al.^° indicate that streptomycin is of unquestionable value in 
controlling experimental tularemia in animals. The minimal effective 
dose given every 3 hours over an 8-10 day period to mice, rats, and 
monkeys was found to be 10, 10, and 2.6 mg. per kgm. respectively," 

Experimental Tuberculosis 

The findings in tuberculosis win be discussed by Drs. Hinshaw and 
Feldman. Therefore, I will not consider the results obtained with 
streptomycin in this disease. I believe that, while the results may 
appear encouraging, a final decision as to the probable value of this 
dnig in tuberculosis cannot be made at the present time. 

Experimental Infections Caused by Pseudomonas pyocyanea and 

Proteus 

The efiScacy of streptomycin or streptothricin against these or- 
ganisms varies considerably with different strains. In general, how- 
ever, both organisms are quite resistant to streptomycin and strep- 
tothricin and, in addition, have marked potentialities for acquiring 
resistance to these drugs. In our experience, it was not possible to 
protect mice infected with a lethal dose of either organism, even when 
maximal amounts of the drugs were administered. However, in 
urinary tract infections due to Proteus, it is possible to obtain good 
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results, due to the high concentration of streptomycin in the urine, 
following parenteral administration-'* 

Experimental Infections Due to Gram-Positive Bacteria 

Cocci. Animals infected with Staphylococcus aureus, Streptococcus 
hemolyticus, and Diplococcm pneumoniae can be protected with large 
amounts of streptomycin. Studies in mice show that from 10 to 30 
times as much streptomycin is required to protect against a lethal dose 
of the foregoing organisms as required for most gram-negative bacillary 
infections. Similar results have been obtained with streptothricin, but, 
with this drug, tiie effective dose was in the toxic range. 

Anaerobes. The group of anaerobic sporulating bacilli, including 
Clostridium tetani, Cl. welchii, Cl. sordeUi, and Cl. septique, is quite re- 
sistant to the action of streptomycin and streptothricin. In vivo studies 
in experimental Clostridium welchii infections in guinea pigs show 
streptomycin to have no influence on this disease, even when the drug 
was injected at the site of the infection. 

Diphtheria. Although Corynehacterium diphtherias and related spe- 
cies are quite sensitive to streptomycin in vitro, little is known about 
the influence of the drug on the organism in vivo. Much of the diffi- 
culty in the evaluation of drugs in experimental diphtheria lies in the 
fact that the disease in animals is not a localized infection in the naso- 
pharynx, but, rather, a diffused generalized toxemia, resulting from 
large amounts of diphtheria toxin. 

Spirochetal Infections. The available data on the effect of strep- 
tomycin and streptothricin against Treponema pallidum, experi- 
mental relapsing fever, experimental Weil’s disease, and rat bite fever 
are not very abundant, at the present. The preliminary data suggest, 
however, that streptomycin has some effect on spirochetal infections, 
but this effect is considerably inferior to that of penicillin. 

Fungi. In vitro tests show that streptothricin is much more active 
than streptomycin as a fungicide (table 6) . Concentrations of strep- 
tothricin between 260-500 micrograms per ccm. of agar completely in- 
hibit a variety of pathogenic and saprophytic fungi, whereas, under the 
same conditions, streptomycin has no inhibitory effect, even in concen- 
trations 10-20 times that of streptothricin. Preliminary in vivo tests 
surest that streptothricin does not influence the course of experimental 
Sporotrichum schenckH infections in rats.®* Likewise, sfareptomycin 
has been reported to have no effect on Histoplasma capmlatum.^^ 
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Protozoa, Streptothricin and streptomycin were not found active in 
experimental malaria,'*® rat filariasis,®® or trypanosomiasis®’ ® 

T^ls 5 

Bacteriostatic Action op Streptomycin and Streptothricin against Fungi* 


Agar Plate Method: Sabouraud’s Agar. (Eobinson, H. J., D. G. Smith, & 
O. E. Graessle.® Proc. Soc. Exp. Biol. & Med. 67: 226-231. 1944.) 


Organism 

No. of units per ccm. a^ar 
required to cause inhibition 

Streptomycin 

Streptothricin 

Aspergillua niger MF II 

Penicillium chrysogenum MF 56 
Cryptococcm neoformans No, 3709 
ET^ermophyUm inguinale 
Microspomm canis No. 232 
Sporotrichum schehkii No. 7017 
Trichophyton gypseum 

Trichophyton interdigitale No. 640 

>4,000 

>4,000 

>4,000 

>4,000 

4,000 

>4,000 

3,500 

4,000 

250 

250 

250 

1,000 

1,000 

250 

500 

1,000 


* Cultures were incubated at 29^ O. for 14 da^. 


Viruses. Neither agent has any influence on PR8 strain of epidemic 
influenza.’®' ” 


Oral Administration 

The results obtained in our study demonstrate the marked activity 
of streptothricin and especially streptomycin in tbe reduction of the 
number of organisms in the intestinal tract of mice.’®* Not only 
were the numbers of the coliform organisms rapidly and effectively 
reduced, but also, in the case of streptomycin, the total flora was 
strikingly decreased (figube: 7) . The results of this study suggest that 
streptomycin might be effective, not only as a chemotherapeutic agent 
for enteric diseases, but also as a form of preventive medicine in the 
preoperative and postoperative treatment of surgical infections of the 
gastrointestinal tract. 

ACQUIRED RESISTANCE TO STREPTOMYCIN 

In concluding this discussion, it seems worthwhile to mention briefly 
the importance of the phenomena of fastness in its relationship to 
streptomycin therapy. A number of workers have been able to pro- 
duce streptomycin fastness in organisms previously susceptible, by 
culturing them in a medium in which the concentration of streptomycin 
was progressively increased. Graessle and his associates were able to 
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increase streptomycin resistance in strains of Escherichia coli, Sal- 
monella schottmulleri, or Staphylococcus aureus several thousand-fold, 
by subculturing the organism in this manner for a period of several 
weeks. These investigators showed that the degree and rate at which 
five individual strains of Staphylococcus aureus developed resistance to 
streptomycin were more uniform and rapid than that which occurred 
with penicillin. Moreover, it was possible to induce resistance in 
a strain of Salmonella schottmulleri without alterations in the animal 
pathogenicity or virulence. It is of interest to note that, when resist- 



Figueb 8. Acquired lesistanoe of five strains of E. coli-W to streptomi’cm in vitro. 

(Oraessle, O. E., &; B. Brost. To be published.) 

ant strains of Escherichia coU were subcultured in a medium free of 
streptomycin, the organisms began to return to their orignal sensi- 
tivity (figxibe 8) . This is contrary to the findings of Demerec,'* who 
worked with a single culture of Staphylococcus aureus and found the 
acquired resistance to remain through 20 transfers. 

AJthou^ much work appears to be in progress on the subject of fast- 
ness, little has been reported on the mechanisms involved in this phe- 
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nomenon. Demerec postulates two possible mechanisms for the devel- 
opment of penicillin-resistant organisms, which mi^t apply equally 
well to streptomycin: (1) Resistance is an acquired characteristic 
which develops through the interaction between bacteria and penicillin, 
when the two are in contact with each other; and (2) resistance is an 
inherited characteristic which originates through mutation, and its 
origin is independent of penicillin treatment. In either case, it is 
possible, with most organisms, to prevent the occurrence of fastness by 
exposing the organism to adequate bacteriostatic or bactericidal con- 
centrations of the drug. In the light of this, it is of paramount im- 
portance to institute adequate therapy in all patients, if the phe- 
nomena of acquired resistance are to be prevented. 
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PHARMACOLOGY OF PENICILLIN 


By Geoffeey Rake and Arthtjb P. Eichabdson 
The Squibb Institute jor Medical Research, New Brunswick, N. J. 


I. GENERAL 


As originally used by Fleming,^ the term, “pemcUlin,” described the 
total antibacterial activity produced by a particular mold. It is now 
known that a number of unrelated chemical substances may be pro- 
duced by the same organism, and the term has come to mean a group 
of chemical compounds, to which the chief antibacterial activity is due, 
having one or other of the general formulae shown in figukb 1. At 
least six types of penicillin are now recognized (figuee 2) , differing 
from each other only in variations of R.*~® 

The type of penicillin present in commercial samples varies greatly 
Under different conditions, one or another of the above types can be pro- 
duced predominantly. At the present time, it is impossible to give 
more than an approximate idea as to what the relative composition of 
any given sample may be. When penicillin was being produced in 
surface cultures, type F predominated. Later, when deep fermenta- 
tion first came into use, G was the predominant type. Following 
changes in strain of mold and in methods of fermentation and extrac- 
tion, commercial preparations now ordinarily contain a mixture which 
is mostly F, K, and G penicillins. Penicillin X is usually present in 
only very small amounts, except in “penicillin” produced by surface 
culture. 

Much of the original work by the Oxford group was carried out with 
('xtrcinoly impure material, assaying in the neighborhood of 50 units 
per milligram, or less. Subsequently, there has been steady improve- 
mcni in the purity of penicillin. Thus, from records taken by a single 
producer, between July 1942-Junc 1943, the potency of 42 batches 
was from 69 to 333 units per milligram. At the end of 1946, 100 con- 
secutive batches, from the same producer, averaged 1087 units per 
milligram, ranging from 900 to 1200 units per milligram.® Coghill 
and Koch,^ also, note a similar trend for the industry, as a whole. In 


‘PlWttiBF.A. Brtt. J. Exp. Path. 10: 226. 1929. 

* Committee on Medical Research. Science 102j 627. 1945. 

iPhUpot, P. J. Nature 152: 725. 1943. 

< MoKee, 0. M., Or , Rake, & C, X«. Konok* J. Bact 47: 187. 1944. 

B Pried, J., W. Koerher, & O. WlnteTsteiner. To be published. 

« Xdnesrar, O. R., ft B. Blue. Personal communication. 1945. 

* OogUU, R. B., ft R. 8. Kooli. Chem. & Eng. News. 23: 2310. 1945. 
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addition, the minimum requirements of the Food and Dmg Adminis- 
tration for penicillin potency have progressively been raised, and, on 
September 1, 1945,® were raised from 300 to 500 units per milligram. 



p LACTAM STRUCTUEB 



INCIPIENT AZLACTONE 8TBUCTUKE 
Fiqubd 1. 

In spite of this, commercial penicillin today must still be considered 
a highly impure substance, since the very best preparations still con- 
tain some 259 ^ of material which is, chemically and biologically, not 
active penicillin. 


Chemical Properties 

The various, pure, free penicillins are strong acids, having pK’s in 
the neighborhood of 2.8. They readily form salts with the ordinary 


‘ Federal Beffister. 10: 11281< 1945, 
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cations, of which sodium and calcium are most commonly prepared. 
The latter has a special interest, since it is the least hygroscopic and 
most stable of the commonly available salts, and is particularly well 
suited for the manufacture of tablets and oil-beeswax mixtures. Pen- 
icillin, in the form of the free acids or salts, is highly soluble in water, 
and most salts are hygroscopic. The free acids are also soluble in 
organic solvents and fats, this property serving as an important means 
by which penicillin can be separated from crude broth or biological 
fluids. 


TYPES OF NATURAL PENICILLINS 

ISBBl 

SYNONYM 


R- 

F 

I 

P CHRYSOGENUM- 
NOTATUM 

CHjCHgCHsCH Cl-^- 

DIHYDRO F 

GGANTC ACID 

A GIGANTEUS 

CHjCH^CHjCHgCHj- 

FLAVACON 

FTYPE 

A FLAVUS 


G 

IE 

P CHRYSOGEMJM- 
NOTATUM 


X 

lEE 

II II 

HO O’ cHr 

K 

HZ 

II II 



FlGtTRB 2. 


It is possible to csterify the free carboxyl group, without destroying 
the basic structure of the molecule, and the methyl, ethyl, butyl, benzyl, 
and benzhydryl®’ esters have been prepared. Such compounds are 
of interest, because they are almost completely insoluble in water, but 
possess high fat solubility. They have little, if any, antibiotic activ- 
ity, until they are hydrolyzed. 


Stability 


One of the chief obstacles to the production of penicillin is its in- 
stability, particularly when it is present as the free acid. It is also read- 
ily destroyed at pH’s of 8.5 or higher. The basic structure is destroyed 
by alcohols, particularly methanol, by sulfhydryl compounds, by heat, 


>lle7«r,X.,0.&.Bob1>7jkB.a]uiira«. Science 97!^2^. 1948, ^ - 

« Oat^to, C. jr., T. X. S&oliner, K. O. MUler, J. BaCleT, J. W. KUnMk. W. 
Waxiiery 0. V. Sntery ft X. 3b. Talnter. Science 102: 150. 1945. 
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and by repeated freezing and thawing. In addition, many bacterial 
species produce an enzyme, penicillinase,^^ which has the capacity of 
destroying the basic molecule- At one time, there was evidence that, 
when the strain, method of fermentation, and method of extraction 
were kept constant, stability of the product increased with increasing 
purity. Unfortunately, when any of the above conditions was modi- 
fied, any correlation between potency and stability was lost.” 


Different Penicillins 

The chemically different penicillins undoubtedly differ, also, in their 
biological characteristics. Unfortunately, however, because of lack 
of sufficient amounts of material, this point has been little studied. A 
study has been made of the inhibitory activity of pure preparations 
against certain bacteria. Table 1 shows the activity of pure crystal- 
line preparations of the various penicillins per mg., in terms of inter- 
national standard units,^° i.e., measured against one or the other of 


Tablb 1 


Penicillin 

type 

Activity in units/mg. against: 

Ratio of activity 

Staph, aureus 

B. eubtUis (E) 

V. B. svbtiUs/ 

V. Staph, aureus 

GOI) 

1667* 

1667* 

1 0* 

F(I) 

1465^^ 

970“ 

0 65“ 

PbiVacidin 

1400“ 

1000“ 

0 72“ 

X(m) 

850^ 

1450“ 

1.4 to 2 0“ 

xav) 

2300^ 

760 

0.33^ 


* By definition. 


two specifically described strains of staphylococcus, against Staphylo- 
coccus aureus and, also, against a particular rough variant of a certain 
strain of Bacillus subUlis}* Finally, the ratio of the activity against B. 
siii)tUis (rou^) to the activity against the standard strain of staphylo- 
coccus, is given. From this, it is seen, for example, that X is nearly 
twice as active against the former as against the latter, while K has 
only a third of the activity. 

This higher ratio of activity for X, as against other penicillins, has 
held when organisms, other than BacHkis svbtMs (R), are compared 
with Staphylococcus aureus. Thus, X was found more effective in 
vitro, on the basis of staphylococcal international units, but not neces- 


u Ataoluiii, a. Pq ft a. cntais. Katore 146: g37. 1940. 

“ 5<>Jf & B. ^e^erd. Personal communication. 

*■ Oot^j^L Science 101: 42. 1946. 
Bdunidt, W. &i O. B. WardTlfe B. D« Gocffiu. .T. Bact 49: 411, 1946. 
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sarily on the basis of weight (X having approximately only half the 
number of such units per mg.), against Klebsiella pneumomae and Ba- 
cillus cereus,^^ than was “commercial penicillin.” However, since the 
composition of this penicillin was unknown, the results lose some of 
their value. The same criticism applies, with perhaps greater force, to 
the conclusions of Ory and his co-workers,^’ since they assume their 
samples of “commercial penicillin” to be G and proceed on the basis of 
this, probably unwarranted, assumption. These authors found all 
cocci tested, except staphylococcus, (i.e., a- and ;8-streptococci, pneu- 
mococci, gonococci, and meningococci) to be two to eight times more 
sensitive to two samples of X penicillin (determined as 65^ and 
>90% pure, respectively), than to 5 lots of “penicillin G.” Three 
strains of Klebsiella pneumoniae and one of Hemophilus inpuemae 
were equally resistant to both. The methods of testing were admitted 
by the authors to be crude, and the error was undoubtedly high. A 
more careful study of the comparative activities of X and G has been 
published by Libby and Holmberg.” Using some form of serial dilu- 
tion test and highly purified preparations of G and X penicillins, they 
established that X is 2 to 4 times more active than G, in terms of 
staphylococcal international units, and 1.2 to 2 times as active, in terms 
of micrograms, against a variety of organisms. The importance of giv- 
ing activities in terms of micrograms of penicillin, as well as in units, is, 
perhaps, never better illustrated than when the various penicillins are 
being compared. 

Some data have been presented on the antibacterial activity of X, 
as compared to G, in vivo?*’ ” Thus, Welch and co-workers report 
the former to be 3 to 5 times as active as commercial penicillin against 
pneumococci Type I infection in mice, and more effective against 
gonorrhea in man;’® while Ory and co-workers” found it slightly 
superior to “G penicillin,” against gonorrhea in man. These results 
arc open to the criticisms already given above, namely, the lack of 
information as to the composition of the “G or commercial penicillin” 
and the estimation of results in terms of staphylococcal international 
units, rather than in terms of weight (or, better yet, molar equivalents) 
of penicillin. The results of Ory and co-workers” also show that, at 
an equal dose in staphylococcal units, intramuscularly, higher levels 
and longer persistance are achieved in the blood serum with X, pro- 
vided the tests are carried out with a streptococcus, against which X 


^ Bake, a.. J. Fried, ft O. Wlnterstelner. Unpublished data. 
Welch, K., Xa. 39. Putnam, W. A. BandaU, ft B, F. Serwlok 

A£% J ^ J 


1024. 1944. 

» Ory, E. M., 3d. Xeads, ft M. Finland. J. A. M. A. 129; 257, 
M Elbby, B. B. ft H. 3:«. HolmberiT* Science 102: 308. 1945. 


J. A. M. A. 129: 257. 


J. A. M. A. 126; 
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is considerably more active, in terms of such staphylococcal units, than 
is G. When, however, 20,000 staphylococcal units of “G” were com- 
pared with 10,000 such units of X approximately the same 
amounts by weight of penicillin were given), the curves of potency 
obtained in the serum do not appear to be significantly different. 

Determination of Activity 

Apart from chemical methods for the detection of penicillin, details 
of which have hitherto been kept secret and use of which is only now 
coining to the fore, there are two chief biological methods of testing. 
These biological methods consist in measuring the antibacterial activ- 
ity of the unknown preparation, under conditions identical with those 
used for testing a solution of a standard, of known activity in inter- 
national units. The unitage of the unknown is derived from the com- 
parison of its activity to that of the standard on the given day of 
testing. It is, thus, a reference unit; variations from day to day mak- 
ing any absolute unit, in terms of biological activity, wholly unreliable. 

Biolo^cal tests for antibacterial activity are carried out by variant 
uses of either the agar diffusion or the broth dilution methods. In the 
first of these, a volume of solution of penicillin, in appropriate dilu- 
tion (usually to approximate between 0.25 and 2.0 units per ml.) , is 
applied, in some way or other (inside cylinders, on absorbent paper 
discs, etc.), to the surface of agar suitably sown with a susceptible 
organism. The penicillin diffuses out into the agar and, up to the 
limit of the diffusion range of a concentration which is still inhibitory 
for the test organism, prevents growth and produces a zone of clear 
agar, which can be measured. Comparison of zone sizes produced by 
the unknown with those obtained by the solution of the standard, 
under like testing conditions, allows one to estimate the potency in 
units. Even a superficial consideration of this technique, in whichever 
of its variants, will indicate its inherent possibilities for error and the 
need for most careful standardization. 

The second method measures the activity of a solution of penicillin, 
appropriately diluted, at equal, and preferably narrow, increments, 
against a young culture of a susceptible organism, in suitable nutrient 
broth. The end-points of partial or complete inhibition of bacterial 
growth are read, after a stated interval of time, mther by the naked eye 
or by one or another physical method for determination of degrees of 
opacity. Comparison of the end-point for the unknown, with the 
similar end-point achieved with the solution of standard for the same 
testing conditions, allows one to estimate the potency in units (and 
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in terms of the organism employed) . The inherent errors in this tech- 
nique differ markedly from those in the diffusion method, but are, 
perhaps, somewhat less. 

It is essential that the values, obtained by whatever variant is used, 
of either of the two above tests be considered in the light of their actual 
significance. This significance, statistically considered, will depend 
on the test employed, the number of replicates run, the accuracy of 
the determination of the standard, the type of samples being assayed, 
and even the laboratory running the tests. 

Thus, the standard deviation, or the standard error derived from it, 
has shown, in our hands, the following values in the cup test and the 
dilution test (with steps of 10% increment)! (table 2). These data 


Table 2 


Number of replicates 

Cup test 

Dilution test 

1 

±16.0%* 

±8.9%* 

3 

±11.3% 

±6.3% 

5 

±8.0% 

±4.5% 

8 

±5.7% 

±3.4% 

16 

±4.1% 

±2 3% 


* Standard deviation, for one replicate; standard error, for 3 or more. 


mean that two-thirds of the test results with the given number of 
replicates will fall within the given range of deviation. The other re- 
sults will show even greater deviations. However, it should be empha- 
sized that the degree of accuracy of these results depends on the daily 
use of carefully standardized techniques, by highly trained technicians. 
In two other laboratories employing the cup test, but without as care- 
fully standardized techniques, the standard error for 8 cups was ±10% 
and the standard deviation, ±26.5%. It must be presumed that the 
standard deviation for the dilution tests would be proportionately in- 
creased, in this laboratory. In other groups where testing conditions 
are even less satisfactory, the standard error for any given number of 
replicates mil undoubte^y be still higher. Moreover, where the dilu- 
tion intervals are even greater than 10%, going even as hi^ as 50% 
(two-fold steps) , the standard error becomes very hi^. 

The above discussion deals only with the standard error obtained 
when samples are adequate and concentrations of penicillin are rea- 
sonably high. In dilution tests, in our hands, in which small samples 
of body fluids with low concentrations of penicillin were assayed, the 
standard error for 3 replicate tests was ±25%. Moreover, since all 

t For the data used in this table we are indebted to Mr. R. Blue of the Biological 
Laboratories of B. R. S(|uibb ^ Sons, 
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of these values are not absolute, but rather relative, in terms of a stand- 
ard of known potency run concurrently, the significance of the results 
is closely linked to the reliability of the standard values for a given 
set of tests. The results, in our hands, are based on the daily use of 
an adequate number of replicates of three standards, cross-checked, 
by several operators in each of at least three laboratories. However, 
where only one standard is run, and in few replicates, the errors thus 
involved will all contribute to the unreliability of the final assay figure 
for a given sample. In view of the above, it is of interest to note that, 
in one case, where the clinical investigators give some idea of the mag- 
nitude of the error involved in their data, they state it to be approxi- 
mately ±30%.“ 

Finally, one should draw attention to another error inherent in the 
testing of biological fluids, particularly sera: namely, the fact that 
such fluids, particularly at low dilution, vary from man to man, or 
from animal to animal, in the effect they have on the sensitivity or 
resistance of a given test organism. Under these conditions, unit 
values obtained by titration of penicillin in body fluid, against a stand- 
ard in some other solvent, should be accepted with caution. It might 
be best to set up the penicillin standard in a sample of the body fluid 
in question obtained before therapy was commenced (when it is avail- 
able) , but even this is not above criticism. 

II. TOXICITY 

The data available on the toxicity of penicillin suffer under several 
shortcomings, some of which have been discussed above. Thus, the 
scarcity of material, particularly in the early days of the investigation 
of penicillin, makes much of the information little more than indicative. 
Very little work has been done with highly purified, and even less with 
pure, penicillin. As will be shown below, much of the reported toxicity 
of “penicillin” is due to the cation used in preparation of the salt or 
to impurities concentrated along with penicillin, from the fermentation 
broth, by the extraction process. In many cases, the unit values of 
penicillin injected have been calculated by methods of which the error 
is relatively great; in some, only the weight of “penicillin” injected is 
^ven; in others, only the unit value. Very rarely are both given. 
Yet, until pure penicillins are available for toxicity studies, it is desir- 
able that the assay of toxicity be given both in units and in milligrams 
of material. 


U Bants, Xi. Ah ft W. ». V. KUbr. I. Clin. Invest. 33: 789. 1944. 
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Acute Toxicity 

Despite these shortcomings, it became obvious, early, that “peni- 
cillin,” even as available at that time, was of surprisingly low sys- 
temic or cellular toxicity.^ It also became clear that the acute toxicity 
of “penicillin,” after intravenous injection, decreased, as the potency 
increased.*®"** Table 3 gives an indication, culled from various 
sources, of this decrease of toxicity with increasing potency. In- 
vestigations, at the Food and Drug Administration,*® of many lots 
from different commercial producers show that, by and large, the toxic 


Tabus 3 


Potency units/mg. 

End-point measured 

Units/kg. 

Reference 

60 

LdSO 

57,000 

S8 

90 

Maximum tolerated 

70,000 

22 

181 

Ld50 

280,600 

6 

200 

Lt)50 

355,400 

21 

325 

Tolerated without 
reaction 

325,000 

20 

400 

Ld50 

675,000 

28 

460 

Ld60 

635,000 

6 

656 

Ld50 

1,050,000 

24 

790 

L]>50 

1,000,000 

6 


dose increases with increasing purity. A comparison of data on a large 
series of batches from a single producer shows the same trend. Thus, 
42 batches, produced between July 1942 and Jime 1943, had potencies 
from 69 to 333 units per mg. These were tested, each in 5 mice, at 
100,000 units per kg. Eighteen showed no toxicity, but in 24, there 
were 31 deaths on the first, and 14 on the second, days. One hundred 
consecutive batches, toward the end of 1945, were tested at 150,000 
units per kg. No deaths occurred. The potencies ranged from 900 
to 1200 units/mg., an average of 1087 units/mg.® It should be under- 
stood that all these figures apply to sodium salts of mixtures of peni- 
cillins, probably, for the most part, F and G. With such material, 
then, the observed acute toxicity depends largely, if not entirely, on 
the concomitant impurities. 

Most of the inoculations for estimation of toxicity have been given by 
the intravenous route. Scanty data on the comparison of the lethal 


» Florey, S. W., ft 1C. A. Stmaiagu. Brit. J. Exp. Path. S3: ISO. 1942. 

^ Hol>1)7. G*. !&.. X. Meyer, B. Cliaffee. Proc. Soc. Exp. Biol. & Med. 60: 28S. 
1942. 

sa Kamra, D. Mh G. Bake, O. M. McKee, ft K. B. MacPbUlaaiy. Am. J. Med. Scl. 
206* 642 1943 

w'BoWneon, H. J. J. Pharm. Exp. Ther. 77: 70. 1948. « « 

** Welok, BL, D. 0. Grove, B. P. Davie, ft A. C. Himter. Proc. Soc. Exp. Biol. & 

aw. Price, J. X. Xtelaen, ft A. O. BCimter. J. Lab. Clin. Med. 29: 

809. 1944. 
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dose of “penicillin,” by this route, with that obtained by subcutaneous 
injection of the same material,®*’ show that the intravenous route 
gives toxicities 2 to 2^ times as high. 

Cations other than sodium have been used in the preparation of com- 
mercial “penicillin.” Florey and Jennings®* found calcium penicillin 
to be more toxic than sodium, and stated “that it would be inadvisable 
to use the calcium salt for therapeutic purposes.” At the Squibb In- 
stitute,®* we were able to show that a calcium salt of penicillin (160 
units/mg.) was 6 times as toxic as a sodium salt (180 units/mg.) pre- 
pared from the same starting material. CaCU was even more toxic 
in terms of calcium, due, probably, to its higher ionization. However, 
Herrell and Nichols®* found that more potent calcium salts (Florey 
and Jennings had used material of only 50 units/mg.), even if they 
were more toxic than sodium salts, were, nevertheless, safe for thera- 
peutic use by parenteral injection. Welch and his associates studied 
the effect of the cation more thorou^ly.®* Five salts of penicillin — 
sodium, ammonium, strontium, magnesium, and potassium— were pre- 
pared from a single master lot and investigated for their acute intra- 
venous toxicity in mice. A calcium salt from another source, but of 
the same order of potency, was included in the study. At the same 
time, the acetates of these cations were studied for toxicity. On the 
basis of milliequivalents of the cation, the order of increasing toxicity 
was: Na, NH4, Sr, Ca, Mg, and K. The same order was found for 
toxicity of the acetates. Relative toxicity, based on milligrams of 
cation at the Ld 50, was: Na, Sr, NH4, Ca, K, and Mg, in increasing 
toxicity; the same data, for the acetates, gave: Na, Sr, NH4, K, Ca, 
and Mg. The authors conclude that “the toxicity of salts of penicillin 
is primarily due to the cations used in their preparation.” In a second 
paper,®* Welch and associates point out that, when sodium penicillin 
of low unitage is tested, the cation is not responsible for the toxicity; 
this is due, rather, to organic impurities concentrated in the final prod- 
uct -by the extraction process. They also point out that, even with 
high potency preparations of magnesium penicillin, the toxicity of the 
Mg cation is such as to render inadvisable parenteral injection of such 
material in man. 


Delayed Toxicity 

Less study has been undertaken of the effect of repeated injections 
of “penicillin,” but clinical results, in man, indicate that repeated in- 


1$4S. 
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jections of 10,000 units per kilogram per day, or higher, are tolerated 
without any systemic harmful effects, other than those due to sensi- 
tization, which are discussed below. In rabbits and mice, given re- 
peated doses comparable to those commonly used in man (t.e., 10,000 
units/kgO , or 4 to 6 times higher, no evidence of toxicity was found.®® 
However, a daily subcutaneous dose of as little as 7000 units/kg., in 
guinea pigs weiring between 176 and 356 grams, produced anorexia, 
ruffled fur, lethargy, loss of weight, and, finally, death. Death oc- 
curred, occasionally, on the second day, but most deaths were on the 
3rd, 4th, or 5th days, with one as late as the 12th. Similar results 
were obtained with “penicillin” from a different source, and another 
laboratory obtained similar results with doses from 4000 to 20,000 
units/kg-> using penicillin from 4 different sources.®* In our own 
hands, 1000 unitsAg-> given in divided doses, subcutaneously, were 
tolerated well by guinea pigs. There was some slight evidence, in 
these early experiments, that the results might be due to some impurity 
or impurities, since some animals survived on material of higher potency 
(1068 units/mg.). However, even at this potency (71% pure, the 
definition of potency for crystalline sodium penicillin G, at that time, 
being 1500 units/mg.), three out of five animals, receiving 7000 
units/kg. per day, died, and the other two were sick, although they 
eventually recovered. Finally, when a preparation of crystalline sod- 
ium penicillin G was used, 3 guinea pigs, at a daily dose of 7000 
unitsAg-i aud 2, at 14,000 unitsAg-j all died.®* This crystalline ma- 
terial contained at least 95% crystalline penicillin G, perhaps 4-5% 
of other penicillins, and less than 1% of impurities, other than peni- 
cillin.* The reason for this unusual behavior of guinea pigs, as com- 
pared to other animals, upon repeated injections of penicillin, is ob- 
scure. It could be demonstrated that it was not related to vitamin C 
metabolism.®* It may be that one is dealing with another manifesta- 
tion of sensitivity to penicillin. The guinea pig is peculiarly prone to 
sensitivity reactions, and the early onset of s 3 unptoms (i.e., immedi- 
ately following the second dose), which mi^t seem to exclude sensi- 
tization, is exactly paralleled by observations in man.*® The feeding 
habits of laboratory guinea pip make them particularly prone to the 
introduction of mold spores into the nasal passages and lunp and, thus, 
to sensitization to mold products. Jones*® showed that the lunp of 


• Our are due to Dr. Oskar WlntOTsteinen of the 

** JolUff Tm Se J. Bsp. Med, Ms S17, 1922. 



154 


ANNALS NEW YORK ACADEMY OF SCIENCES 


guinea pigs, kept with dusty litter or food, showed 75fo to 90% con- 
tamination, particularly with streptothrices and molds. 

Convulsive Action 

Observations, during the early work on penicillin, demonstrated that 
penicillin had a convulsive and lethal action on mice infected, in the 
cerebral meninges, with the agent of LymphograTodoma venereumJ^^ 
The penicillin was given intraperitoneally, and convulsions followed 
immediately upon all therapeutic doses given more than 20 hours after 
intracerebral infection. Later investigations showed that the con- 
vulsions were due to a local concentration of penicillin in the inflamed 
meninges, since it never was observed after simple brain injury, or even 
after intracerebral infection until the meningitis was well advanced. 
Although the investigation indicated that some of the convulsant ac- 
tion might be due to impurities, qualitatively similar reactions were 
produced by crystalline sodium penicillin G. Rammelkamp and 
Keefer“ showed that intrathecal injection of 10,000 units, in man, pro- 
duced increased pressure, severe headache, vomiting, and pleocytosis. 
5000 units gave slighter symptoms. Walker and Johnson*® have shown 
that convulsions may be produced by injection of penicillin (commer- 
cial material from 7 different producers) into the cerebral cortex, in 
man (10,000 units), cats (1000 units), monkeys (500 units), and mice 
(20 units). 


Local Reaction 

No lesions are found in the organs of rabbits, guinea pigs, or mice 
receiving daily doses of penicillin, up to 60,000 units/kg., for 7 or more 
days, by tiie subcutaneous route,®* nor have others described any lesions 
in the organs. Local changes are, however, produced at the site of re- 
peated subcutaneous or intramuscular inoculation.®*’ ®* To the naked 
eye, the local subcutaneous site appears edematous and hemorrhagic, 
and the intramuscular is often hemorrhagic. Microscopically, in addi- 
tion to the edema and hemorrhage, there is an intense cellular infiltra- 
tion, with monocytes and neutrophils predominating. If injection has 
been made into the subcutaneous tissue, the involvement, particularly 
in rabbits, where the inflammation is most intense, tends to spread to 
the subjacent muscle, with necrosis and phagocytosis of muscle 
fibers, and cellular infiltration. As might be expected, the local irrita- 

»» Bake, a« ft K. Jones. Am. J. Syph. Gon. Ven. Dis. In press. 

MBanuneDcaara, O. B., ft O. S. Keefer. Aim. J. Med. Scl. SoSi 842. 1948. 

» Walker, A. B., ft K. O. Johnson. Arch. Sur?. 50i 69. 1946. 

Unejar, 0. B., ft 8. Thomas. Personal communication. 
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Lion and damage are related to the degree of purification, and much of 
these can be ascribed to the presence of impurities.®^ Thus, irritation 
and tissue destruction were more marked, after intramuscular injection 
of the same number of units of material with a potency of 186 units/mg., 
than of material with 588 units/mg.®® As might be expected, the de- 
gree of damage is dependent on the concentration of penicillin. With 
material of potency better than 1000 units/mg., no difference was 
detected between calcium and sodium salts of penicillin.®® 

It seems probable that changes, similar to those described in labora- 
tory animals, occur in man after subcutaneous or intramuscular injec- 
tion. Keefer and his associates®® draw attention to the quite severe 
pain produced by the application of sodium “penicillin” to raw sur- 
faces, and Florey and Florey,®® confirming this, state that the calcium 
salt produces less pain. Both Keefer^s committee®® and Lyons®^ draw 
attention to the soreness or burning pain sometimes experienced at the 
site of local injection in some patients. Welch and Rostenberg^® found 
that commercial sodium penicillin was a mild primary irritant, when 
injected intracutaneously, while crystalline penicillin (type not stated) 
was not. 

C 3 rtotoxicity 

Commercial penicillin has a direct effect on cells, and cruder prepara- 
tions are cytotoxic at higher, but not at lower, concentrations.^^ Ram- 
melkamp and Keefer note that the cells evoked by intrathecal injec- 
tion of penicillin are all motile and healthy.®* It has been reported 
that crystalline sodium penicillin G can replace an osmotically equiva- 
lent amount of NaCl in Locke's solution, without affecting the oxygen 
consumption of various cells.*® 

Sensitization: Urticaria 

That sensitization to penicillin could occur, was noted early. Three 
forms, in particular, have been observed: urticarial, tuberculin-like, 
and eczematous. The first occurs in some of all individuals re- 
ceiving penicillin by the usual parenteral routes (31 cases in 991 in- 
dividuals receiving penicillin) ®®' *®» ** or may even occur after local 

» Berwick, B. P., H. Welch, Xi, B. Putnam, ft A. K. CNuuboa. J. A. M. A. 127: 74. 
1945. 

» Keefer, C. 8., F. O. Blake, B. X. BCarahall, Jr., J. S. Bockwood, ft W. B. Wood, Jr. 
J. A. M. A. 122! 1217. 1948. 

^ Plorej, XC. B., ft B. W. Florey. Lancet 1; 387. 1943. 

W^oh, B., ft A. Boatenherj. J. A. M. A. 126: 10. 1944. 

« Ahraham, B. P., B. Ohahi, C. X. Fletcher, A. B. Clardner, B. O. Beatley, X. A. 
Jennlnjs, ft B. W. Florey. Lancet 2; 177. 1941. 

«van Byke, B. B. Proc. Soc. Exp. Biol. & Med. 66: 212. 1944. 
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therapy, alone.®^’ The reaction is unusual in certain respects. It 
may be transient, even in the face of continued use of penicillin.®^’ 

It may appear, during the first 24 hours of treatment, after only one 
exposure, even in patients who have never before received penicillin,®^ 
and it may not recur when penicillin treatment is revived, after a lapse 
of time.*®* **> ** The urticaria may appear as an isolated phenomenon, 
but, in severe cases, the picture is one of “serum sickness,” including 
pruritus,**’" asthma," dermatographia, lacrimation and sneezing, 
and eosinophilia.*® Precipitin tests with the patients’ serum are 
negative in some cases,*® positive in others,*® and the same is true 
with cutaneous tests for sensitivity, using commercial penicillin.*®’**’*®’*® 
In one case, the sensitivity to intradermal injection of penicillin was 
elicited with 3 brands of penicillin, but not with a four^, suggesting 
that an impurity, or one particular type of penicillin, was responsible. 
Treatment was continued, with the 4th brand, without further reac- 
tion.** In another case, while skin tests with penicillin were positive, 
they were negative with extracts of PemcilUum notatum- This case 
also gave a positive serum transfer test, but no anaphylactic antibodies 
could be demonstrated.*® 

Sensitization: Tuberculin-Like Reactions 

Tuberculin-like reactions have been studied by Welch and Rosten- 
berg."’ ** They noted, during some studies on local reactions to im- 
purities in penicillin, that one individual, with no previous contact with 
penicillin, but with a history of worldng with molds for 15 years, 
showed erythema and infiltration, with some vesiculation, coming on 
6 hours after injection of 1000 units in 0.05 ml. intradermally, and 
reaching a peak after 72 hours.*® This individual was later reinocu- 
lated with 1000 units, intradermally, of both crystalline and commercial 
penicillin. Two ‘control’ normal individuals were similarly injected, 
simultaneously. They showed no reaction, at any time, but the sen- 
sitive individual, though showing no reaction at 2 hours, reacted with 
15 mm. areas of erythema and infiltration within 24 hours. A patch 
test with commercial penicillin was positive, when applied over areas 
previously injected wiA either crystalline or commercial penicillin, but 
not over previously uninoculated skin. Patch tests, with the medium 
used in penicillin production, were negative. No precipitin reactions 

" Z. a. n. r. A. M. A. U6: 610. 1944. 

« Twau, Xk. B. O. MoOte, W. P. PeatiitrstoxM, ft B. O. Kern. Delaware Med. J. 
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were obtained with tiie patient’s serum and no transfer of sensitivity 
could be obtained in man or rabbits. 

In a subsequent paper/® the authors note tuberculin-like type of sen- 
sitivity in 8 of 144 individuals. Again, no passive transfer of sensitiv- 
ity was possible. None of these individuals reacted to extracts of 6 
species of fungi or to heat-killed spores of PenicilMum notatum. 

In 2 of 6 individuals receiving frequent intradermal injections of 
commercial penicillin, a flare reaction of old sites of injection was 
noted.*® This did not occur after a rest period, but could be re-estab- 
lished by renewed, repeated injections. Such flare reactions could be 
induced best with injections given intradermally (not subcutaneously 
or intravenously), 5 days apart, and occurred with both crystalline 
and commercial penicillin.*® 


Sensitization: Eczematous Dermatitis 

The third type of reaction has been noted in individuals who come 
into contact with penicillin by reason of their work in preparing, dis- 
tributing, or administering the drug.®®-®' Here again, it occurs in ap- 
proximately 3% of individuals exposed (9 of 312, in our own experi- 
ence) .®® The lesions, which are usually eczematous in nature, affect, 
particularly, the face, hands and, in the male, the penis. They dis- 
appear when handling of penicillin is discontinued, and reappear on 
renewed contact. Patch tests with penicillin, whether crystalline or 
commercial, are usually positive, although in one case,®® the test, 
while positive to comm^cial penicillin, was negative to a preparation 
of crystalline sodium salt. In some cases, dermatoph 3 rtosis pedis is 
also present, ®'’ ®® but in others this is not noted. Among the reactions 
noted by Stokes and his collaborators,** was an “id” reaction, and 
Romansky®® has noted the same in patients with dermatophytosis 
pedis. In two cases, sensitivity to intradermal injections of tricho- 
phytin was noted, ®^ and in another case, of sensitivity following paren- 
teral administration of penicillin, positive reactions were obtained on 
intradermal injection of both trichophytin and oidiomycin.®^ 

It has been shown, therefore, that sensitization to penicillin can oc- 
cur spontaneously or can be evoked. There are certain features of this 
sensitivity which are atypical, and many of these, as, for example, the 
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apparent frequency of spontaneous desensitization, could be best ex- 
plained on the assumption of a weak antibody response to the antigen 
or antigens responsible, so that this antibody is soon exhausted. Work 
of Chow and McKee®* suggests that a loose combination, of uncertain 
nature, may be formed between crystalline penicillin and serum albu- 
min. The formation of such a loose compound, if confirmed, might 
explain some of the phenomena of sensitization noted. 

There is no clear evidence as to whether the sensitization is to 
penicillin itself, or to some of the impurities present in commercial 
penicillin. It may be that both are possible and occur in one or the other 
case. "While sensitivity has been demonstrated with crystalline peni- 
cillin,*®’ ** in other cases it had been elicited with the commercial, but 
not with the crystalline, preparation,®* or with three brands, but not a 
fomrth, of “penicillin.”** Moreover, crystalline penicillin is, almost 
certainly, usually not entirely pure, and the very small amounts of 
impurities present might sensitize, or elicit sensitivity reactions in al- 
ready-sensitized individuals. 

If the sensitivity is due to substances other than penicillin itself, 
the reactions on the first or second exposures to penicillin can be under- 
stood. Not only are a considerable number of people sensitive to 
penicillium antigen itself (6% in some areas of the mid-western 
states) ,** but, as has been shown for the penicillia®* and the hyphomy- 
cetes,*®’*^ there is often marked cross-reaction within a group, sug- 
gesting a common antigen, perhaps of polysaccharide nature.*® In 
some cases, cross-reactions between the hyphomycetes and the peni- 
cillia may occur ,®^’ *’’• ** which mi^t account for the reactions to 
penicillin in individuals with dermatophytosis pedis. The fact that 
patients sensitive to penicillin have not been found sensitive to ex- 
tracts** or heat-killed spores** of PenidUium notatum, or the reverse, 
does not necessarily speak against the hypothesis of common antigens 
as a soiurce of sensitization. The matter of quantities may be in- 
volved, since, even in cases of known penicillin sensitivity, reactions 
were not induced in some individuals with a small dose of penicillin, 
but were with a larger one (e.g., Rostenberg and Welch,*® and others) . 
The hypothesis of weak antibody response, suggested above to account 
for o^er of the unusual phenomena, wotdd play a part in this 
connection. 
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Action on the Uterus 

McClosky and Smith studied sensitization of guinea pigs with 
“penicillin.”'" They sensitized with 300 to 1000 units and, after an 
incubation period of one month, shocked with 8,350 to 23,640 units, 
intravenously or by intracardiac injection. Five anima ls were re- 
fractory, and two showed mild symptoms of a doubtful nature. It 
was also possible to elicit a positive response in the horns of the iso- 
lated uterus from sensitized guinea pigs, but this was not uniform. 
As a control to the latter, they showed that 30,000 units of “penicillin” 
had no appreciable effect on the contractions of the uterus from un- 
sensitized animals, van Dyke*^ found that crystalline sodium peni- 
cillin G, at a final concentration of 1 X 5.46 X 10^, produced a trivial 
contraction in an isolated virgin uterus from an unsensitized guinea 
pig. In humans, however, the administration of penicillin during 
pregnancy may produce signs of uterine activity or actual abortion.**' *® 
Thus, Lentz and his co-workers®* note two cases of threatened abortion, 
appearing 18 or 48 hours after commencement of therapy, in pregnant 
syphilitic women (t.e., when 100,000 or 300,000 units had been given) . 
In Leavitt’s series, 8 of 21 patients showed signs of uterine activity, 
and two aborted. Of these 8, 7 had only gonorrhea, and one had 
gonorrhea and syphilis. In most cases, only 50,000 units of commer- 
cial penicillin had been given. Since 7 of the 8 cases had received 
the same lot of penicillin, Leavitt believed that the increased uterine 
activity might be due to an impurity, and not to penicillin itself. He 
also believed that penicillin brought about a premature onset of 
menstruation. 

There is one other toxic manifestation which may occur during 
penicillin tlicrapy, and should be mentioned, althou^ it has no rela- 
tion to the toxicity of penicillin itself. This is the exacerbation of 
previous symptoms or appearance of new ones, of which the occur- 
rence may be due to tlie rapid destruction of the infecting organism. 
It has been noted, for example, in the flare-up of staphylococcal infec- 
tions of the skin, but is most apparent and severe in the treatment of 
syphilis**’*® (Herxheimer reaction). 


Miscellaneous Pharmacological Action 

There are remarkably few data on the general pharmacological 
actions of penicillin, chiefly because nothing of significance has been 
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uncovered. Doses of commercial or pure G penicillin, in excess of 
those ordinarily used in therapy, have little effect, when given intra- 
venously, on heart beat or respiration.*^’*® The effect on blood 
pressure, like the acute toxicity, is due rather to the cation or the im- 
purities present than to the penicillin. Thus, commercial sodium peni- 
cillin at 186 units/mg. gave the following depressions of blood pres- 
sure, after intravenous injection into rabbits: 10% with 35,000 units/ 
kg., 40% with 55,000 unitsAg-> and 60% with 155,000 unitsAg. Witii 
so(hum salt at 233 unitsA&> only a 10% drop occurred at 95,000 units/ 
kg. When calcium salt was used, a preparation with 67 units/mg. gave 
a depressor effect at 20,000 unitsAg., but calcium gluconate containing 
an equivalent amount of calcium gave a similar effect, and with calcium 
chloride the effect was much greater. Calcium salt with a potency of 
895 units/mg. gave no depressor effect at 581,650 unitsAS-®* 

In all respects, therefore, penicillin is unique, not only in the wide 
range between therapeutic and toxic doses, but because of its almost 
negligible effect on mammalian protoplasm. 

III. PHYSIOLOGICAL DISPOSITION 

Data on absorption, distribution, and excretion are indispensable 
for the rational use of any drug. With penicillin, this is especially 
true, because of the need to maintain blood levels throughout the 
period of therapy. A great body of information as to the disposition 
of penicillin has now accumulated, but it is difficult to assess and 
correlate it, for reasons discussed above. It is hi^ly probable that 
many of the apparently contradictory conclusions are due to differ- 
ences in interpretation of, rather than to differences in, observations. 
Of the known pure salts of penicillin, only G and X, in relatively 
small amounts, have been available for studies in animals. There is 
little doubt that one of the greatest gaps in our knowledge of the phar- 
macology of the penicillins is that of the comparative behavior of the 
various pure preparations. 

Absorption 

It is well known that penicillin is absorbed rapidly, when injected 
intramuscularly or subcutaneously.**’ ** Figfdbe 3 illustrates a typical 
curve of blood and urine concentrations, such as occurs in dogs follow- 
ing a tin^e subcutaneous injection.*® Sinoilar results are obtained in 
man. Maximal concentrations are produced in 15 to 30 minutes, but 

“Itommollmiiia, O. K, a O. S. XaefeK J. Clin. Invest asi 42B. 1948. 
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maintained only for short periods of time. The rate of disappearance 
of penicillin from the blood is almost as rapid as its absorption. From 
the standpoint of effective chemotherapy of systemic diseases with 
penicillin, it is probably of greatest importance that blood and tissue 
fluid levels be maintained constantly above a certain mininrial con- 
centration. 



Figubo 3. The excretion of oaldum penicillin in water following subcutaneous injection. Each 
point represents the average determination obtained with six dogs. 

Because of the rapid excretion, regimes of continuous or repeated 
administration must be used to obtain the greatest chemotherapeutic 
effect. Data such as those obtained by Rantz and Kirby^* are, there- 
fore, of great value, from a clinical standpoint. Figubb 4, taken from 
their paper, summarizes their results. Continuous intravenous infu- 
sions of 100,000 units in 24 hours produced approximately 0.1 units/ 
ml. of plasma; 200,000 units, approximately 0.2 units/ ml.; and 400,000 
units, approximately 0.4 units/ml. Subcutaneous infusion produced 
somewhat lower levels. Anderson and others®*"” fotmd that con- 
tinuous intramuscular or intravenous infusion produced comparable 
blood levels. 

Studies on absorption of penicillin from the gastrointestinal tract 
were made, by Florey®^ et al., soon after they prepared clinically usable 
material. They conclusively demonstrated that absorption would take 
place following oral admmistration in cats, rabbits, and man. These 
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studies were later confirmed and extended, by Rammelkamp and 
Keefer.*® Both groups of investigators pointed out that, since lower 
plasma levels and poor urinary recoveries resulted from oral, as com- 
pared with parenteral, administration, for the sake of economy only 
the latter route should be used. As penicillin became more plentiful, 
the problem of oral administration was reopened and has been exten- 
sively studied.'^®"®® Unfortunately, it is difficult to draw conclusions 
from much of the work, because of lack of adequate controls- 



0 .1 .2 .3 *4 0 *1 ^ ^ <4 

Peniaihn Concentration Pencdlin Concentration 


Plasma units per cjc Plasma units per cc 

Fiqubb 4. A. Relationship between amount of penicillin injected and plasma concentration. 

B. Relationship between rate of uxinaty excretion of penicmin and plasma concentration. Pen- 
icillm administered by contmuous intravenous infusion. 

(From Bants Se Kirby. J. Clin. Invest 23: 789. 1944.) 

Figubb 5 illustrates average results obtained following oral admin- 
istration of commercial sodium penicillin in water, to four normal sub- 
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jects, three hours Sifter breakfast. A number of points are of interest: 
First, the I’ate of absorption is rapid. Peak plasma levels are obtained 
almost as soon, after oral administration, as after subcutaneous and 
inti'amuscular injection. This can only mean that absorption takes 
place higli up in the gastrointestinal tract, and that penicillin either 
is not absorbed or is destroyed farther down. In all experiments in 
man, with oral therapy, the peak of absorption has been reached in ap- 
proximately half an hom, and plasma levels are ordinarily maintained 
for not longer than two to four hours. As mi^t be expected, concen- 
trations in urine parallel those in blood. After a single administration, 
penicillin is found in the urine for as long as 7 hours, but seldom for a 
longer period of time, in appreciable concentrations. 



It is also characteristic that less than 10% of the dose administered 
by mouth can bo recovered in the urine. In the four subjects illus- 
trated in WGURE 5, approximately 7% was recovered, and the greater 
portion of tliis was excreted in 1 to 2 hours. As pointed out later, 
about 50 to 75% of penicillin is excreted in the urine following paren- 
teral injection. Assuming that, of the material which does get into 
the circulation, one-half is lost by processes at present obscure, it is 
reasonable to conclude that the 7.0% excreted actually represented 
only one-half of that absorbed. Thus, approximately 15% was ab- 
sorbed in the oral experiments cited above, and one might expect that, 
if the orally administered dose were 5 to 6 times that used parenterally, 
comparable therapeutic results would be obtained. 
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Numerous attempts have been made to improve the absorption of 
penicillin from the gastrointestinal tract. There are three obvious 
possibilities, whereby penicillin might be destroyed, following oral ad- 
ministration: (1) acid gastric juice may inactivate it; (2) drainage 
from the gastrointestinal tract, passing first through the liver, may 
cause inactivation before the systemic circulation is reached; or (3) 
organisms present in the intestinal tract may destroy it, by production 
of penicillinase. 



PiGuiiB 6. The absorption and excretion of calcium penicillin citrate tablets, after oral adminis- 
tration, Each tablet contained 20,000 units of calcium penicillin, and 0.5 grams of sodium citrate. 
Total dose per subject, 200,000 units. Administered three hours alter breakfast. 


Even in the earliest clinical studies, it was observed that the degree 
of acidity in the stomach played an important role in gastrointestinal 
absorption. Patients with achlorhydria absorbed considerably larger 
amounts of penicillin than did normal subjects, approximately 15% 
being recovered in the urine of patients with gastric acidity, as com- 
pared with 5 to 10%, for normal patients.*^’ There is some evidence 
against the supposition that penicillin may be destroyed in the liver. 
Thus, incubation of liver slices with penicillin in vitro leads to no loss 
in potency." Moreover, injection of penicillin into the portal vein pro- 
duces a plasma concentration equivalent to that obtained after a simi- 
lar injection into the systemic circulation.®* On the basis of present 
evidence,^ it is not possible to say whether poor gastrointestinal ab- 
sorption is or is not due, in part, to destruction by penicillinase. One 
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may conclude, however, that the best means of increasing oral absorp- 
tion is to protect penicillin, as it passes through the stomach and is in 
contact with the highly acid gastric contents. Since the evidence in- 
dicates that penicillin is absorbed in the upper part of the intestinal 
tract, one might expect that ordinary, enteric-coated capsules or tablets 
would serve little usefulness, and this is borne out in clinical trials. 
A. number of investigators have suggested the administration of peni- 
cillin in oil or lanolin,’^®’ but, although absorption takes place from 
such vehicles, there is little evidence, at the present time, that such a 
procedure prevents destruction or improves absorption. The salts of 
penicillin are so water-soluble that it is unlikely that they would re- 
main in the oil phase for more than a short period of time after mixing 
with gastric contents. 

The only procedure which has given encouraging results is the ad- 
ministration of antacids, to neutralize gastric acidity. These have in- 
cluded sodium bicarbonate, sodium citrate, magnesium hydroxide, and 
various aluminum preparations. Fiquee 6 illustrates the degree of 
absorption of penicillin, when combined with sodium citrate, in the 
same four patients shown in fiqtjbe 5. Peak plasma levels are pro- 
duced at about the same time after administration in both groups, and 
levels are maintained for a slightly longer period of time with citrate. 
Likewise, higher concentrations are found in the urine, and the amount 
recovered, in a 24 hour period, is approximately double that observed 
following administration of penicillin in water. Assuming that urinary 
recoveries account for only one-half of the absorbed penicillin, one may 
conclude that roughly 30% of the administered dose was absorbed. 
It still appears probable that, even under the best conditions, approxi- 
mately tiiree times as much penicillin would have to be given by mouth 
as by parenteral injection, to produce the same effects. 

It has been suggested, by Welch and co-workers, that a single oral 
dose absorbed on aluminum hydroxide will maintain blood levels for 
24 hours.*® This has not been confirmed, either by our own work or 
by that of others. Moreover, Welch was unable to detect penicillin 
in the urine, after 7 hours. Such findings are contrary to most re- 
ported results, since concentrations in urine are always found to be 
many times that in blood. One is, therefore, tempted to question the 
validity of either the blood or urine assays reported by Welch and co- 
workers. Aside from these results, there is no evidence, at the present 
time, to indicate a special virtue of any particular antacid, and it is 

> Weleli, R., 0. W. Mo«, ft V. ObMidlar. J. A. U. A. las: 845. 1845. 
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probable that the effectiveness of each is dependent, entirely, upon its 
ability to neutralize gastric contents. 

Oral adnainistration of penicillin is also complicated by the relation 
of meals to degree of absorption. Usually, where this variable has 
been studied, less penicillin has been absorbed after meals than be- 
fore.^*’ 

Recently, attention has been paid to the administration of penicillin 
by the inhalation of penicillin-aerosol preparations.®*'^®^ The rate of 
absorption from the respiratory tract is rapid, peak concentrations in 
the blood being reached within an hour. Depending upon the pro- 
cedure used, 5 to 20% of an administered dose may be recovered in the 
urine. Considering the loss of some penicillin in the exhaled air, this 
must mean that absorption from the lung is fairly satisfactory. Al- 
though aerosol inhalations have been proposed chiefly for local use in 
the respiratory tract, they might be used for systemic effect, under 
specialized conditions. It is not known, for certain, where, in the re- 
spiratory tract, penicillin is absorbed. From studies with other sub- 
stances, one might infer that it occurs across the alveolar membrane or 
olfactory mucosa, and not from the mucous membrane of the larger air 
passages. 

Because of the possible usefuhiess of penicillin in meningitis, and 
the difficulty of obtaining adequate concentrations in spinal fluids from 
parenteral injections, at least in the absence of inflammation, a number 
of investigators have studied the rate of absorption of penicillin from 
the spinal canal.“®’ ^®®’ ^®* Absorption, here, is slower than from sub- 
cutaneous or intramuscular tissues, and detectable concentrations have 
been observed in the blood for as long as 7 to 8 hours. All the evi- 
dence available indicates that diffusion out of the spinal canal occurs 
at about the same rate as diffusion in, and varies with the degree of in- 
flammation present. 

Studies have also been carried out on the absorption of penicillin fol- 
lowing injection into the pleura,*®®'^® into knee joints,®®® into the 
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chambers of the oye/®^’ or into other body cavities. In general, 
absorption has occurred more slowly than from subcutaneous or intra- 
muscular injections. Although evidence is fragmentary, what is avail- 
able indicates that penicillin penetrates poorly across uninflamed cel- 
lular membranes. 


Excretion 

Following parenteral injection, penicillin is found in urine and bile. 
However, by far the greater portion is found in urine, and, depending 
upon the conditions of the experiment, from 50 to 75 % is ordinarily 
recovered following intravenous or intramuscular administration of an 
aqueous solution. The errors involved in the determination of peni- 
cillin in body fluids arc such that it is difficult to obtain precise data 
on the mechanism of renal excretion. Rantz and Kirby and Jensen, 
Moller, and Overgaard^®® have, however, attempted to determine the 
plasma clearance of penicillin. The former formd that, in man, from 
755 to 1120 ccm. of plasma were cleared of penicillin per minute. The 
plasma clearance was not affected by the plasma level of penicillin or 
by the rate of urine formation. Similar results, of a much less satis- 
factory nature, have also been obtained in rabbits and dogs.“® It has 
been repeatedly observed that renal failure®®’ "® or concurrent ad- 
ministration of diodrast’'^® and para-aminohippuric acid^^^"^^® sig- 
niflcantly delays the excretion of penicillin. In spite of the paucity 
of data, the only conclusion possible, at present, is that from 80 to 909& 
of the urinary penicillin is excreted by the renal tubules. 

The data on excretion of penicillin in the bile are incomplete. Some 
is certainly excreted in this fluid, but the concentration in bile, as com- 
pared to that in plasma, varies considerably.®®’ In some experi- 
ments, bile-plasma concentration ratios approach unity, whereas in 
others, the ratio may be 4 or 5. Such differences may depend on 
whether the bile is derived from the gall bladder, where it has been 
concentrated, or directly from the primary biliary ducts. Some peni- 
cillin has also been found in the milk, and it is quite possible that 
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presence of penicillin in this body fluid comes about solely by diffusion 
from the blood. 

Ordinarily, after intravenous injection, 75 % of a single injected dose 
may be recovered in the urine. If absorption is delayed, as, for ex- 
ample, by the administration of penicillin-oil-beeswax mixtures, the 
percentage recovered in the urine is considerably less. The fate of 
penicillin which is not accounted for by urinary or biliary excretion 
is obscure. The incubation of penicillin with tissue slices results in 
little destruction.*^ Moreover, it has been shown that, in cases of 
anuria,®*' detectable plasma levels are maintained for long periods 
of time. 

Distribution 

The high solubility in water and complete dissociation of salts of 
penicillin are determining factors in the ease with which this compound 
diffuses throu^out aqueous media. Following injection into a body 
fluid, it distributes itself evenly throughout the total volume of that 
fluid. Precise measurements have not been made, but the plasma 
levels of penicillin, immediately following an intravenous injection, are 
such as to suggest that it is soon evenly distributed throughout the 
blood and extracellular tissues. For example, Kammelkamp and 
Keefer*® report that the intravenous injection of 40,000 units, in man, 
produces a peak plasma concentration of 2.5 units per ccm. This indi- 
cates that the total volume in which penicillin is distributed is approxi- 
mately 16 liters, which corresponds roughly to the total volume of blood 
and extracellular tissue fluids. 

With the exception of the kidney, and probably the gastrointestinal 
tract, penicillin does not readily cross normal cellular membranes. 
Thus, in whole blood, less than 10 % of that present is foimd in or on 
red cells.®® Likewise, most studies on penetiation of penicillin from 
the maternal blood stream to amniotic fluid or fetal blood show uni- 
formly lower concentrations, in the fetus, when plasma levels of the 
mother are held constant.^®' ’•^® The gastrointestinal tract prob- 
ably represents a special case. In the upper tract, where absorption 
occurs, the intestinal contents probably have a low pH, and, imder 
some conditions, penicillin is undoubtedly present as the free acid, 
rather than as the salt. As the free acid, penicillin is more lipoid sol- 
uble. Moreover, Frieden“® has shown that, at low pH’s, penicillin dif- 

u«Oreene, K. J*., Sb G. Xi. fiobby. Proc. Soc. Ebcp. Biol. & Med. 57: 282. 1944. 
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fuses more rapidly. Both of these factors may play a role in the ab- 
sorption of penicillin, after oral administration. 

Only meager data arc available on the concentrations of penicillin 
in various tissues. In general, the results indicate high plasma-tissue 
concentration ratios.®** 


Methods of Maintaining Plasma Concentrations 


The rapid excretion of penicillin has complicated chemotherapy with 
this agent. Attempts to circumvent this disadvantage have been 
directed along two lines: (a) delasdng excretion by the kidney, or 
(b) delaying absorption from the site of injection. 

It has repeatedly been observed that patients with poor renal fimc- 
tion, and, in particular, those with anuria, have prolonged blood levels, 
following the injection of single doses of penicillin. Furthermore, in 
nephrectomized animals, penicillin disappears from the blood slowly. 
A number of attempts have been made to delay the excretion of peni- 
cillin, in the course of therapeusis. These have usually been directed 
toward the administration of substances which modify tubular func- 
tion of the kidney. Diodrast^^® and the aminohippuric accid***'*** 
have both been used. Diodrast is too toxic for routine use, but Beyer 
et al. claim that a plasma level of 10 milligrams per cent of sodium 
p-aminohippurate doubles the peak concentration of penicillin in 
plasma, and delays the excretion in the urine. Althou^ they have 
shown that this agent has low toxicity, it is not likely that it will re- 
ceive widespread use, since it complicates therapy, and more effective 
measures are now available- 

Moehlig and Linker,*" and also Lich,**® have reported that posterior 
pituitary extract will produce a prolonged concentration of penicillin 
in the blood. Presumably, this agent also acts, in part, by an effect 
upon tubular secretion. Bronfenbreimer and Favour**® have obtained 
similar results, by restricting fluid intake and administering benzoic 
acid. All the methods proposed, thus far, for delasdng excretion of 
penicillin by an effect on the kidney, are relatively ineffective. The 
best they can accomplish is to produce a higher level in the plasma 
and maintain a therapeutic concentration, for from 2 to 4 times that 
seen when penicillin alone is administered. 

Romansky and Rittman*" carried out experiments on absorption, in 
which penicillin was incorporated in peanut oil and beeswax. Ihey 
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proposed that the most suitable preparation should consist of 4.8% 
beeswax, in peanut oil containing 300,000 units of calcium penicillin 
per ccm. This concentration of beeswax was arrived at by testing prep- 



AVBKAOS RATA ON SIX OOOS 



arations containing varying concentrations, We®^ have carried out 
experiments along this line in dogs. The same six animals were used 
throughout. Two hundred and fifty ccm. of water were administered at 
9 a. m., and one hour later, each animal received, subcutaneously, 3,000 
units of a calcium penicillin preparation. The blood levels and urinary 
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excretion of penicillin administered in water, under such conditions, 
have already been discussed and described in pigtjbb 3. In order to 
obtain some figure for basis of comparing the various preparations, 
we have arbitrarily calculated the time at which 50% of the total ex- 
creted penicillin was recovered in the urine, for the various prepara- 
tions studied. Figures 7, 8, and 9 illustrate the effect of incorporating 



Figubls 7, 8, AND 9. Tho cficct of vniying conccntiations of b(>eswax on the absorption of cal- 
cium penicillin from a peanut-oil fiusiponsion Koch prepaiation studied m the same six 
dogs as those lefeired to m kigubd 3. 

varying concentrations of beeswax into calcium penicillin-peanut oil 
mixtures. There was progressive delay in the peak of plasma concen- 
ti'ation, and in the rate of excretion in the urine. The 50% excretion 
point, in cither oil alone or in water, is about one hour, whereas, with 
4.8% beeswax-peanut oil preparations, tho 50% excretion point is de- 
layed to about 7 hours. It is, obviously, impossible to transfer these 
results directly to man. We do feel, however, that the figure may be 
relative, and it can be assumed that blood levels may be maintained 
for approximately 7 times as long, with 4.8% beeswax-oil mixtures, 
as when aqueous solutions of penicillin arc used. Similar results are 
obtained in mau,^“'““‘ since it is usually accepted that therapeutic 
blood levels may be maintained from 8 to 12 hours, as compared with 
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1 to 2 hours, when penicillin is injected in water. Romansky^^® and 
some others believe that adequate blood levels may be maintained for 
24 hours. 

have also carried out studies in an effort to determine which 
fraction of beeswax is responsible for the delayed absorption. U. S. P. 
white beeswax was extracted, according to the scheme illustrated by 
FIGURE 10, yielding 3 distinct fractions.* Each fraction was studied 
for its ability to delay the absorption of penicillin from peanut oil, 
according to the methods described above. A summary of these ex- 
periments, relating 50% excretion points to concentrations of each frac- 
tion, is presented in figure 11. 
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FiaxrsB 10. Method of sepaiation of purified beeswax into various fractions. 

It is apparent that each fraction possesses some ability to delay ab- 
sorption. By far the most active fraction was myricin, which proved 
to be considerably more active than crude beeswax. Cerotic acid was 
approximately of the same activity as beeswax itself. The “parafiSn” 
fraction was the least active, even ^e highest concentration used giving 
only slight delay in absorption. In general, there was good correla- 
tion between the melting point of the wax and its ability to delay ab- 
sorption. A similar relationship has also been observed with a number 
of other waxes which have been studied. Only those having melting 
points of 60° C., or hi^er, appear to be promising. 

A number of other methods have been used for delaying the absorp- 
tion of penicillin. Various vasoconstrictors have been injected with 
penicillin, and prolonged blood levels have been obtained, but 


* We are indebted to Mr. W. A. Lott and Miss K. Losee of the Division of Medicinal Chemistry 
for these fractions. 
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only at doses which might produce systemic effects. At best, none of 
these procedures has produced as satisfactory results as has beeswax. 
Trumper and Hutter“' have demonstrated prolonged absorption from 
the application of ice bags to the site of injection. They report main- 
taining therapeutic blood levels from 6 to 12 hours. Such a pro- 
cedure may have usefulness, but certainly could not be applied widely 
in clinical practice. 



Fioubb 11. Summary of the effect of beeswax and its various fractions on the rate of absorp- 
tion of calcium penicillm from a peanut-oil suspension. Horizontal axis represents tiTn^ for excre- 
tion of £0 per cent of ponicillin recovered m the urine. Vertical axis represents varying concentra- 
tions of beeswax or beeswax fractions. 

Recent attention has been focused on the various esters of penicillin, 
because of their hi^ fat and low water solubility. It was thought 
that, because of these properties, the esters might be absorbed more 
slowly from a subcutaneous of intramuscular injection than would 
aqueous solutions of the salts. Impure methyl, ethyl, butyl, and 
benzhydryl esters were prepared and studied by Meyer et al.,^ who 
found them to be active in experimental bacterial infections in mice. 
Cavallito^® et al., more recently, prepared the benzyl ester from pure 
penicillin G and reported that it was more active than an aqueous 
solution of penicillin G, in the treatment of certain bacterial infections 
in mice. We have confirmed the observations of the above investiga- 
tors, both in bacterial infections^*® and spirochetal infections in mice,®®' 
and have also been able to show that, in mice, the blood level of free 
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penicillin in the plasma, following a subcutaneous injection of these 
esters, is comparable to that produced by the injection of an equiva- 
lent dose of one of the salts.^*® Unfortunately, the mouse appears to 
be unique in its ability to hydrolyze esters of penicillin, since we have 
been unable to detect appreciable free penicillin in the blood of mon- 
keys, rabbits, dogs, or man, following an injection of the esters. More 
recently, Broh-Kahn and Smith^** have reported that the butyl ester is 
hydrolyzed in naice, but not in man. Thus, it appears unlikely that 
any of the esters known, at present, will be of value in the treatment 
of human disease. 


ADDENDUM 

Since this manuscript was prepared, several important preliminary 
papers have appeared which support the contention of the reviewers, 
that studies on the pharmacology of the pure species of penicillin are 
of extreme importance, from a practical and theoretical standpoint. 
Eagle and Musselman,^" and Coghill et ol.,^“ have both shown that, 
following injection of pure penicillin, F, K, G, or X, marked differences 
in plasma levels are obtained. With K, the plasma concentrations 
observed one hour after injection are much lower than those observed 
following injection of the three other species. Both groups of investi- 
gators conclude that K is rapidly destroyed in the intact animal and, 
therefore, relatively ineffective as a therapeutic agent. Whether such 
a conclusion is entirely justified, must await further study. 
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STREPTOMYCIN IN TREATMENT OF CLINICAL 
AND EXPERIMENTAL TUBERCULOSIS 

By H. CioKWiN Hinshaw and William H. Feldman 

Division of Medicine, Mayo Clinic; Division of Experimental Medicine, Mayo 
Foundation; Rochester, Minnesota 

It is appropriate to discuss streptomycin at tiiis time, which repre- 
sents the second anniversary of the announcement of the discovery of 
this remarkable antibiotic substance. The nature and properties of 
streptomycin were first described, two years ago this month, in the 
“Proceedings of the Society for Experimental Biology and Medicine,” 
by Schatz, Bugie, and Waksman, from Dr. Waksman’s laboratory, at 
Rutgers University. The first two lots supplied to us were produced 
in Dr. Waksman’s research laboratory, and we are most grateful for the 
great effort which was required for its preparation. Subsequently, 
substantial amounts of streptomycin have generously been supplied 
to us by the research staffs of several pharmaceutical manufacturers, 
especially by Drs. Carlisle and Robertson, of Merck & Co.; Dr. George 
Hazel, of the Abbott Laboratories; and Dr. Gifford Upjohn, of The 
Upjohn Company. 

Tuberculosis is a disease of such medical, social, and economic sig- 
nificance that great effort has been expended, for many years, in 
search for specific remedies. Many substances are capable of inhibit- 
ing or destro 3 dng the bacillus of tuberculosis in vitro. Robert Koch 
studied the action of compounds of gold and mercury on Mycobac- 
terium tuberculosis, in 1890, and many unsuccessful efforts have since 
been made to apply this knowledge to treatment of experimental and 
clinical tuberculosis.’ Unfortunately, the many synthetic chemical 
substances which were effective in vitro were found to be ineffective in 
treatment of experimental tuberculosis of guinea pigs. Promin was 
the first synthetic substance which was found*’ * to be capable of ar- 
resting the progress of well-established, experimental tuberculosis in 
guinea pigs. This encouraging discovery has resulted in a renewal 
of the chemotherapeutic attack against tuberculosis. 

In addition to this prolonged study of synthetic compounds, which 
has occupied the attention of the last two generations of chemists and 
bacteriologists, there has been a parallel, but less intensive, study on 
the effect of antibiotic substances on Mycobacterium tuberculosis.* 

(175) 
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Of the several antibiotic substances reported to be effective against 
Mycobacterium tubercidom, in vitro, only one, streptomycin, has 
shown the ability to arrest well-developed tuberculosis, experimentally 
produced in guinea pigs.® Standardized and roughly quantitative 
methods have been developed,® which permit comparison of the results 
of treatment with streptomycin with those of previously studied syn- 
thetic compounds. Such studies have indicated that streptomycin is 
the most effective substance employed in treatment of experimental 
tuberculosis of guinea pigs. 

Although slreptomycin falls short of being the ideal remedy for 
treatment of experimental tuberculosis, it has been possible to show 
that prolonged treatment of guinea pip, for a period of nearly six 
months, brought the disease to a state of apparent arrest more success- 
fully than any of the previously described synthetic substances. After 
such prolonged treatment, lesions were resolved or suppressed in all 
of the animals. About 70 per cent of tiiese animals still harbored 
viable tubercle bacilli and, in 30 per cent, there was reason to believe 
that the bacilli had actually been eliminated. 

CLINICAL TUBERCULOSIS 

The application of the foregoing facts to the treatment of clinical 
tuberculosis with streptomycin was promptly undertaken by us, and 
has now been under way for more than a year, during which time wo 
have had the opportunity of treating sixty-three patients- We have 
included as many different types of tuberculosis as possible, in this 
study, in the hope of gaining information which would be of value in the 
guidance of more extensive and more crucial, subsequent, clinical 
studies. The experience of ourselves and colleagues, in treatment of 
tuberculosis, up to December, 1945, is summarized in table 1. The 
criteria on which the opinion of favorable effects was based will re- 
quire explanation, in each instance. 

Five patients who had miliary tuberculosis have been treated. One 
of these survived only long enough to permit treatment for five days. 
This case should be clearly classified as a failure, because the drug 
was given in maximal amounts, and examination at necropsy revealed 
that the disease was in an early stage of development. Such a stage 
of development would appear to be a favorable time for treatment, 
if the drug has adequate therapeutic potential to cope with the situa- 
tion. The other four patients were treated for periods ranging from 
two to four months, but despite what was apparently maxima l treat- 
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ment, all of these patients died. At necropsy, definite and usually 
striking evidence of healing was observed, especially in the lesions 
in the lung.^ Serial roentgenographic examinations of the chest, in 
each instance, confirmed the belief that the pulmonary lesions ot 
miliary tuberculosis underwent modification, such as we have not ob- 
served in any previous similar cases. These cases will be reported, in 
adequate detail, in the near future. 


Table 1 

Tuberculosis Treated with Streptomyciii 
(To January, 1946) 


Type or site of 
tuberculosis 

Cases 

Apparent 

favorable 

response 

Remarks 

Miliary 

6 

4 

Mortality 100 per cent; meningitis in 3 cases. 

Pulmonary 

22 

17 

Incomplete treatment in 2 cases; no change 
in 2; 1 death. 

Tracheobronchial 

3 

3 

Parenteral and aerosol therapy. 

Empyema 

6 

0 

Arrest with oleothorax later in 4 cases. 

Sinus tracts 

7 

6 

Marked tendency to recurrence; improved 
but not cured. 

Renal 

11 

8 

Marked tendency to recurrence; apparently 
arrested in 2 cases only. 

Cutaneous 

B 

3 

Temporary and partial improvement only. 

Mibccllaneous 

5 

4 


Total 

63 

45 

No lesions progressed during treatment (ex- 
cept lesions of the central nervous system). 


The twenty-two patients* who had pulmonary tuberculosis were 
selected with great care, from several hundred candidates for such 
treatment. In all cases selected, the disease had progressed unmis- 
takably during the control period of observation, prior to institution of 
treatment. In each instance, it was believed that the disease would 
progress further, if treatment were not instituted. These patients are 
not representative of the usual types of pulmonary tuberculosis, but 
are highly selected individuals wi^ exudative lesions, who appeared 
to lack normal ability to control the disease. Sufficient time has not 
elapsed, in most instances, to know whether the disease will be brou^tto 
a state of permanent arrest, as a result of treatment with streptomycin. 

* These moluclo patients treated in coUaboxation with Dr, Karl Pfuetae, Mineral Springs Sana- 
torium, Camion Falls, Minnesota. 
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It can be said, howevei', that in no instance did the disease continue to 
progress, so long as treatment with streptomycin was being adminis- 
tered. It also can be stated that the majority of these patients began 
to show clinical and roentgenographic evidence of slow, but definite, 
improvement, within four to eight weeks after institution of treatment. 
In many cases, active tuberculosis is still present, after two to five 
months of treatment. In many cases, also, the sputum remains posi- 
tive and the prognosis still appears grave; in some, it is dountful 
whether permanent benefit has been accomplished in those cases tem- 
porarily improved. 

The seven patients who had external tuberculous draining sinuses 
include five patients with sinuses related to tuberculous lymphadenitis 
and two who had tuberculous involvement of the thoracic wall. In 
each instance, there had been no tendency to spontaneous closure of 
these sinuses before treatment. They had remained open, for periods 
varying from six months to two years. In each adequately treated 
patient of this small series, marked improvement, with at least tem- 
porary cessation of drainage, was observed within four to eight weeks 
after institution of treatment. Frequently, the presence of enlarged, 
palpable, tuberculous lymph nodes could still be noted after treat- 
ment. Already, three of these patients have had recurrent draining 
sinuses, since discontinuation of treatment; in one of these three, the 
sinuses later closed spontaneously; and in the other two, they closed 
after a second course of treatment with streptomycin. 

Eleven patients who had renal tuberculosis* have been treated with 
stoeptomycin and are still under observation. It may be said that 
some symptomatic evidence of improvement was observed, in most 
cases, and in the few cases in which cystoscopy was carried out before 
and after treatment, there was objective evidence of healing of the 
ulcers in the bladder. Tubercle bacilli in the urine of all patients 
who received treatment for tw’o months or longer were sufficiently re- 
duced in number to make it difficult, or impossible, to detect their pres- 
ence by conventional acid-fast methods of staining. However, bac- 
teriologio observations are incomplete, and the results of guinea pig 
inoculation cannot be recorded, at this time, for the majority of pa- 
tients. It may be said, however, that definite recurrence of bacilluria 
and recturence of symptoms of vesical irritation have developed, within 
two or three months after cessation of treatment, in three of the five 
patients whose treatment was undertaken prior to August, 1945. 


Treated in collaboration with. Drs. E. N, Cook and I/, F, Greene, of the Section of Urology. 
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Empyema of the pleural cavity would appear to be an ideal type 
of tuberculous infection to treat with streptomycin. However, experi- 
ence in the treatment of six cases, in collaboration with Dr. Pfuetze, 
has been disappointing, so far. The pleural cavity was frequently in- 
tolerant, either to the injections of streptomycin or to impurities con- 
tained in the preparations used. Furthermore, it was not possible 
to bring about significant improvement, even with prolonged local 
treatment, which consisted of injection of streptomycin into the pleural 
cavity. Recently, we have noted that the hydrogen ion concentration 
of the purulent exudate in the pleural cavity is likely to be distinctly 
on the acid side. Since streptomycin is not active in acid media, it 
seems possible that the acidity of the exudate may have contributed 
to the failure of treatment with streptomycin, under these circum- 
stances. 

The small series of three cases of tracheobronchial tuberculosis is not 
sufficiently large to permit generalization. However, visible lesions 
in the tracheobronchial tree have healed with sufficient rapidity, fol- 
lowing combined use of intramuscular injections of streptomycin and 
treatment with streptomycin aerosol, to urge strongly that more pa- 
tients of this type be treated, when the drug becomes available. The 
aerosol therapy was carried out in the same manner as described for 
treatment of bronchiectasis.® 

The miscellaneous group of cases includes tuberculosis of the larynx, 
tuberculous ulcers of the hypopharynx, tuberculous iritis, ■s 3 movial 
tuberculosis of the knee joint, and a tuberculous infection in a wound 
of the scalp, following exploration for tuberculoma of the brain. Each 
of these patients improved rather promptly, after institution of treat- 
ment. The case of ocular tuberculosis could not be classified as one 
in which the favorable response was due solely to streptomycin, be- 
cause of the fact that the batch of streptomycin used in treatment, in 
this case, produced a febrile reaction, and ocular tuberculous lesions 
frequently heal after nonspecific fever therapy. 

Until streptomycin is available in greater quantity, it will be neces- 
sary to select with great care all candidates for treatment with it. 
This care in selection is especially necessary for those can^dates who 
have tuberculosis, because of the relatively large quantities of the 
drug required for adequate treatment of this condition. We have 
regarded 1.0 to 2.0 gm. of streptomycin per day as the minimal dose, in 
most types of tuberculosis, and sixty days as a minimal course of 
treatment. The following principles are suggested to aid in selection 
of cases. 
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SELECTION OF CASES FOR TREATMENT 

Streptomycin is not indicated for treatment of pulmonary tubercu- 
losis which is minimal in extent. It is not indicated, at this time, for 
treatment of any parenchymal pulmonary lesion which is suitable for 
collapse therapy and in which satisfactory collapse can be produced. 
It is not recommended for treatment of lesions which are making satis- 
factory improvement on a therapeutic program of conventional type. 
Streptomycin should not be used as a substitute for known, proved, 
effective procedures. Streptomycin should not be expended for treat- 
ment of stable, arrested or chronic, nonprogressive types of pulmonary 
tuberculosis. 

Treatment with streptomycin, in tuberculosis, is still an experi- 
mental procedure and should be restricted to those tj^es of cases and 
to those situations in which a maximal amount of information can be 
obtained for guidance of subsequent trials with the drug. The clearest 
indication for use of streptomycin is in treatment of recent extensions 
of pulmonary tuberculosis to regions not previously involved, which 
have occurred despite sanatorium regimen. The indication is stronger, 
if the spread be extensive, and especially if it involves the contralateral 
lung which was not previously involved. The treatment appears to be 
more lopcal, if the infiltration appears to be finely divided on roent- 
genographic examination, than if the shadows be confluent, dense, and 
opaque. 

In extrapulmonary tuberculosis, use of the drug should be restricted 
to bacteriologically proved cases and to those in which clinical im- 
provement has not been satisfactory, with conventional methods of 
treatment. It does not appear logical, at this time, to combine strepto- 
mycin with any other type of treatment, such as surgery, which might 
yield satisfactory results alone. 

COMMENT 

Present experience indicates, rather clearly, that the antibacterial 
effects of streptomycin in clinical tuberculosis are limited to a sup- 
pressive action, which appears to retard the disease process. We have 
not yet determined whether this retarding effect can be maintained 
for a prolonged period of time or whether the development of drug- 
fast strains* will later nullify this apparent therapeutic effect. It 
may be stated that, as yet, definitely progressive lesions of pulmonary 
tuberculosis have not developed in any patient imder our observation, 
while treatment with streptomycin was being used. Unfortunately, 
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streptomycin does not appear to possess any rapidly curative action in 
tuberculosis, such as might resemble the therapeutic marvels achieved 
by several antibacterial drugs against some acute infectious diseases. 
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SOME CONSIDERATIONS OF THE CLINICAL 
APPLICATION OF STREPTOMYCIN 

By Edwin J. Pulaski,* A. M. Kleinman,! and Gabfield G. Duncan 


HaUoran General Hospital, New York, and Pennsylvania Hospital, Philadelphia, 

Pennsylvania 


An evaluation of the therapeutic eflBiciency of streptomycin in the 
treatment of surgical infections was begun at the HaUoran General 
Hospital in June, 1945. The study included three types of cases: acute 
and chronic infections in battle wounds, genito-urinary infections, and 


Table 1 


Streptomycin Sbnsitivxtt of Aerobic Pathoobnic Bacterial Flora op 81 Surcboal 

Infections 


Gram-Negative orgmiibm 











Streptomycin u/cc* 

0.5 
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2 
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16 
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64 128 Total 

A, aerogenes 
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E. coli 

— 

1 

5 

6 

5 

2 

2 

— 

— 

21 

Paracolon group 

K, pnmrnmiae^ Type A 


— 

2 

3 

1 

— 

— 

— 

— 

6 

— 

— 

4 

3 

2 

— 

— 

— 

— 

9 

K. pneumoniaCf Type B 

— 

1 

5 

3 

2 

2 

— 

1 

— 

14 

Proteus vulgaris 

— 

- 

5 

9 

22 

17 

2 

3 

— 

68 

Proteus morgardi 

— 

— 

— 

— 

1 

— 

— 

— 

1 

2 

Ps. aeruginosa 

— 

— 

— ■ 

— 

7 

11 

3 

— 

4 

25 

Totals 

— 

4 

27 

27 

44 

37 

9 

7 

5 

160 

Gram-Pobitivo organism 











Staph, aureus f Iwm. 

Staph, aureus j norirhem. 

6 

10 

5 

3 

— 

— 

1 

— 

3 

28 

6 

3 

— 

— 

— 

— 

— 

— 

2 

10 
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1 
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— 
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3 
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— 

9 

11 

13 

4 
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41 
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— 

— . 

— 

3 

2 

2 

— 

— 
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'Fotals 

19 

14 

7 

20 

16 

20 

8 

— 

6 
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(Jrand Totals 

19 

18 

34 

47 

59 

57 

17 

7 

11 

269 


bactcricmias. The aerobic, pathogenic bacteria, causal of these infec- 
tions, and their sensitivity in broth^ to streptomycin, are listed in 
TABLE 1. The table reveals that streptomycin inhibits the growth of 
most pathogenic gram-positive and gram-negative bacteria. However, 
both groups manifest a wide variation in sensitivity. Of tibe gram- 
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negative organisms, the Colon and Friedlander groups, for the most 
part, are inhibited by 8 imits or less of streptomycin. BaciUus protem, 
Aerobacter aerogenes, and Pseudomonas aeruginosa are found to num- 
ber many strains which require more than 8 units per ccm. for bac- 
teriostasis. Of the gram-positive bacteria, staphylococci usually are 
inhibited by 8 units or less of streptomycin, whereas streptococci, re- 
gardless of their hemolytic properties, tend to be more resistant. 

With any chemotherapeutic agent, it is important to know if it is 
checked in its action by body fluids. In table 2, the tn vitro action 


Table) 2 

COMPABISOM’ OF SiBEIPTOMTCIN' SBNSITlTITr IN' PLAIN MODIFIED AND BlOOD En- 

BIGHED FD A. BbOTH 


Organism 

F.D.A. 

F.D.A. 3% Blood 

B. svbtUis 

<0 5 

1 

B. avihracis 

<0.6 

<0 5 

B. anthracis 

<0.5 

1 

Staph, aureus 

2 

8 

Staph, aureus “SM” 

0.6 

4 

Strep, gamma Du 

8 

64 

Sir^, gamma Ca 

8 

64 

Aerogenes-Fried, 

64 

64 

Proteus vulgaris 

4 

8 

E, coli 

8 

4 

Ps, pyocyaneus 

64 

64 

E, typhosa 

2 

2 


of some gram-positive and gram-negative bacteria is compared in 
F.DA.* test broth with the same medium containing human citrated 
blood. The gram-positive and the gram-negative bacilli show little 
variation in their susceptibility in either of the two media, whereas 
non-hemolytic streptococci and hemolytic staphylococci require from 
4 to 8 times more streptomycin to check their growth in the blood 
broth. Comparable results are obtained if human serum or plasma 
is substituted for whole blood. Thus, streptomycin activity is lessened 
against the gram-positive cocci in these body fluids. 

These findings have obvious therapeutic implications. They raise 
the question of the comparative susceptibility of gram-positive cocci 
to streptomycin and to penicillin, also of the feasibility of combining 
the two agents. In table 3 are listed the sensitivities of a collection 
of gram-positive cocci to streptomycin and to penicillin. It will be 
noted that no correlation exists between the two antibiotics. The pre- 
ponderance of penicillin-resistant cocci is explained by the fact that 
the patients from whose wounds they were isolated had had prolonged 

* FocnI and Drug Adnmiistntion. 
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courses of ponicillin therapy. The findings suggest that the mechanism 
of action of streptomycin differs from that of penicillin. Only 5 of 
tlie 49 organisms were resistant to both penicillin and streptomycin. 
The practical importance of this finding is the implication that strep- 

Tabub 3 


CoMPABisoN OP In Vitro Action op Steeptomycin and Penicillin on Guam- 

Positive Cocci 
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tomycin may be of therapeutic value in infections due to penicillin- 
resistant cocci. Furthermore, we have found that subinhibitory 
amounts of streptomycin and penicillin, when combined, are additive 
in their action. Therapeutic advantage miglit, therefore, be gained by 
^ving tlie two drugs simultaneously, if indicated by the clinical and 
laboratory findings- This would combine the additive effect of the 
two drugs, together with the greater effectiveness of penicillin against 
gram-positive cocci in the presence of blood. 
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Data presented in table 1 indicate that, if the aerobic pathogenic 
bacteria of surgical infections are to be effectively controlled, levels 
of 8 or more units per ccm. of streptomycin must be maintained in the 
blood. A group of patients was given 400,000 units (0.4 gm.) of strep- 
tomycin, intramuscularly, every four hours. Blood serum levels deter- 
mined on specimens drawn immediately prior to a scheduled dose re- 
vealed 8 to 16 units per ccm., 16 units being more usual after the first 
6 doses of streptomycin had been given (table 4) . In the urine, levels 


Table 4 

Streiptomtcin Blood and Ueinb Levels op Patients EBCBiviNa 400,000 Units 

I.M. Evert 4 Hours 


Case 

Blood, Serum 

Urine 

4 

4-16 u/cc 

168-1170 u/cc 

6 

8-16 

384-1178 

7 

S-16 

413-1190 

9 

8-16 

448- 896 

11 

4-8 

435-1177 

13 

4-16 

819-1229 

5 

8-16 

74- 221* 

15 

16 

2000 plus ♦♦ 


* Practically non-functioiimg kidney (diodrast'). 

** fluid intw restricted to ^00 ccm./24 hours. 

of more than 600 imits per ccm. were common, provided renal function 
was not impaired. The concentrations of the drug in the urine were 
considerably higher if the urinary output was restricted by limiting 
the fluid intake. 


BATTLE WOUND INFECTIONS 

This dosage scheme has been adopted for the treatment of surgical 
infections. In addition, in some cases, local application of strep- 
tomycin, in solution, or in an ointment base containing 5,000 units per 
gram, has been employed. The group thus treated consists of 36 pa- 
tients, the majority of whom had chronic osteomyelitis. The others 
were chronic and acute soft part or sinus tract infections. 

Illustrative Case Reports 

Case 1: A 27 year old soldier sustained, on 19 November, 1944, a 
gunshot wound of the lower third of the left leg, with fracture of both 
bones, and subsequent osteomyelitis. Two sequestrectomies were 
done: one on 24 May, 1945, and the other on 24 October, 1946. The 
patient had several coiuses of sulfadiazine as well as of penicillin, but 
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the progress of the infection was unchecked. Cultures showed a 
hemolytic Staphylococcus aureus, Paracolon baciUus, and BacUlus 
subtilis, which were sensitive to 1, 4, and 8 units per ccm. of strep- 
tomycin, respectively. On 5 November, two weeks after the second 
sequestrectomy, he was given streptomycin intramuscularly, 400,000 
imits, every four hours for 4 days. In addition, the drug was applied 
locally in an ointment base containing 5,000 units per gram. Parenteral 
streptomycin was discontinued on the fifth day, because of nausea and 
vomiting. Local administration of streptomycin was continued. The 
bacteria disappeared from the wound, within Hie first week, and im- 
complicated wound healing was achieved three weeks later. To date, 
there is no clinical or roentgenological evidence of bacterial activity. 

Comment: This case may be considered a streptomycin success, as 
an adjuvant to surgery, in apparently controlling the infection. 

Case S: A 22 year old soldier was shot in the ri^t lower abdomen, 
17 May, 1946, with the wound of exit over the left iliac crest. He ar- 
rived at the Halloran General Hospital, 16 August, with a left inguinal 
colostomy, and a sinus opening in the left flank, which was draining 
profuse amounts of foul-smelling pus. Study of the tract by lipiodol 
visualization showed an extensive osteomyelitis of the 5th lumbar 
vertebra, penetration of the joint space between L6 and S-1, and in- 
volvement of the sacrum. He had lost 80 pounds of weight since the 
injury. Culture of the pus showed Pseudomonas aeruginosa, BacUhis 
proteus, Staphylococcus aureus, anaerobic hemolytic streptococci, and 
Clostridium sporogenes. The aerobic organisms were sensitive to 16, 
16, and 2 units per ccm., respectively, of streptomycin. He was ^ven 
400,000 units of streptomycin intramuscularly every four hours, start- 
ing 13 October, for 10 days, in addition to streptomycin solution (6,000 
units per ccm.) instillations and infusions into the sinus tract. Blood 
serum levels of 8 to 16 units per ccm. were maintained. No improve- 
ment resulted. While under treatment, he passed several small se- 
questrae through the sinus tract. 

Comment: This case emphasizes the need for surgical cleaning-out of 
necrotic bone and thick sinuses, to render the organisms accessible to 
streptomycin. Dead tissue is non-sterilizable. The case illustrates 
the futility of emploidng streptomycin in infections where necrotic tis- 
sue is present and the blood supply is inadequate. 

Case S; A 27 year old white male, on 14 April, 1946, sustained a 
penetrating shrapnel wound of the right lower abdomen, a simple 
fracture of the right lower three ribs and paralysis of the left femoral 
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nerve. He entered the “Streptomycin Ward,” 24 September, for 
recurrent infection in the left groin, associated with imbedded shell 
fragments, culture of the wound showing Bacillus jrroteus, Staphylo- 
coccus aur&us, and other organisms. There was drainage from an 
incisional wound in the left thigh. The infection had not been elimi- 
nated by previous penicillin, sulfadiazine, and surgery. Because of 
the apparent localization of the infectious process, local streptomycin 
therapy was tried first. Daily instillations of streptomycin solu- 
tion or ointment resulted in progressive clinical improvement, but 
without sterilization of the wound. By 24 October, the wound was 
“healed.” Two days later, however, the patient had a chill with fever 
and complained of diffuse pam in the left hip, which localized later 
in the groin. On 28 October, he was started on a 4-day course of 
streptomycin, intramuscularly, 400,000 units every four hours. On 
the second day of therapy, a deep abscess erupted through the wound 
scar and drained profusely for two days. Local streptomycin was 
continued in the wound after the systemic drug was discontinued. The 
patient again improved steadily, until the 8th of November, 11 days 
later, when anoUier inflammatory reaction with fever, malaise, and 
pain occurred. A second abscess formed and was drained. The drug 
was given parenterally once more, and was continued for 8 days. This 
time, sterilization of the wound was achieved and the wound is healed, 
with no recurrence to date. 

Comment: This case illustrates the failure of local therapy to con- 
tact all the reaches of a complicated wound infection, and the failure of 
a short course of systemic therapy to achieve a successful result. It 
also serves to emphasize that, in these chronic infections with tissue 
damage, foreign bodies, and mixed bacterial flora, it is necessary to 
give large doses of streptomycin for a long period of time. An inter- 
esting feature is the observation that the bacteria did not become 
drug-fast. 

Case 4: This patient, on 7 February, 1945, sustained a penetrating 
mid-thigh wound resulting in foreign bodies in the hip joint, compound 
comminuted fractures of the head of the femur, septic arthritis of the 
hip joint, and retroperitoneal infection. At the time of presentation 
for streptomycin treatment, 26 September, 1945, he had drainage from 
the ri^t ear, from sinuses in the median cystostomy wound, and from 
the exploratory scar over the lateral aspect of the ri^t hip, which 
had failed to respond to local and systemic penicillin therapy. 

Cultures of all wounds were essentially the same, growing Bacillus 
proteus, Bacillus aerogenes, hemolytic Staphylococcus aureus, and 
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Clostridia. The aerobes were sensitive to 8, 2, and 1 units per ccm. of 
streptomycin, respectively. Local therapy was employed, resulting in 
prompt cessation of drainage from the right ear and from the sinus of 
the hip. The suprapubic wound also closed rapidly, only to reopen 
several days later, with release of pus under tension. Apparently, 
there was pooling deep in the space of Retzius, with sealing off by the 
healed overlying structures. The local therapy had failed to make con- 
tact with a deep focus of infection. He was then given three days of 
systemic therapy, and the wound promptly stopped draining and healed. 
There has been no recurrence of infection, and the wounds have re- 
mained healed. 

Comment: This case, like the preceding one, emphasizes the impor- 
tance of combined systemic and local therapy to clear infection from 
chronic, thick-walled, poorly-vascularized sinus tracts. Pus must be 
drained. Streptomycin will not cause it to disappear. The advantage 
of combined local and systemic therapy lies in the high concentrations 
of drug delivered to the site of the lesion. 

Discussion 

These illustrative cases represent serious infections of from four to 
eighteen months duration, in which the treatment, prior to strep- 
tomycin, had included prolonged chemotherapy, especially sulfon- 
amides and penicillin, locally, systemically, and in combination, with- 
out success. They ts^pify a group of chronic indolent infections in 
which dead tissue is always present, bone is usually involved, foreign 
bodies frequently are present, and complicated, burrowing sinus tracts 
into surrounding soft part structures are sequelae. Usually, there is a 
putrid, purulent wound exudate. Cultures yield a polymicrobic flora 
of mixed gram-positive and gram-negative organisms, both aerobic 
and anaerobic. It is frequently impossible to tell which are the con- 
taminants and which are the true etiological agents. All are symbiotic 
infections due to several organisms. In the majority of instances, the 
gram-positive bacteria have become penicillin-fast. 

In selecting patients from such a group for streptomycin therapy, 
it is imperative to employ the drug in conjunction with, or as soon as 
possible after, removal of foreign bodies and devitalized tissue. Pus 
must be drained. The drug must penetrate all reaches of the disease, 
in inhibitory concentrations which must be maintained long enou^ to 
eliminate infection. Otherwise, reinfection will occur as soon as the 
bactenostatic effect of the drug is spent. 
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INFECTIONS OF THE URINARY TRACT 

The efficacy of streptomycin in the treatment of infections in the 
genito-urinary tract, in 18 patients with neurogenic bladders due to 
spinal cord injuries, was evaluated. These patients are notoriously 
subject to a variety of urinary tract infections, including pyelonephritis, 
cystitis, urethritis, periurethral abscess, prostatitis, and epididymitis. 
These complications have been treated heretofore, with variable suc- 
cess, with other urinary tract antiseptics. Removal of suprapubic 
tubes with closure of cystostomy wounds, the discontinuance of re- 
peated catheterization, togetiier with tiie establishment of an auto- 
matic bladder, sometimes lead to spontaneous subsidence of the infec- 
tion. Other infections may clear up following removal of calculi. In 
patients with upper urinary tract infections, bed rest, forcing of fluids, 
and elevation of the foot of the bed in order to promote peristalsis of 
the uretei’ and ballottement of the kidneys, are valuable adjuvants to 
specific treatment. However, a substantial number of infections are 
resistant to all these measures. 

The organisms causing uiinary tract infection in these patients are, 
in the order of frequency; Streptococcus non-hemolytiem, Proteus 
vulgaris, Aerobacter aerogenes, Escherichia coli, Klebsiella pneu- 
mordae, Pseudoinonas aeruginosa, Staphylococcus aureus, and Strep- 
tococcus hemolyticus. In nearly all cases, more than one organism is 
present in the infected urine or pus. The non-hemolytic streptococcus, 
which heads the list of organisms, is insensitive to penicillin and to the 
sulfonamides. Most of the other organisms are gram-negative bacilli 
which, also, are resistant to penicillin and the sulfonamides. In con- 
trast, all groups, both gram-positive and gram-negative, are inhibited 
by concentrations of streptomycin which readily can be achieved in the 
urine by parenteral administration. 

We have treated 18 patients with varying doses of streptomycin. 
All but one patient had traumatic transverse myelitis with paraplegia 
and neurogenic bladder, and secondary urinary tract infection. The 
patient without the spinal cord injury was a 51 year old white mnl fl 
who had prostatic hypertrophy, and multiple diverticula of the bladder, 
with urinary retention and chronic cystitis. The infection persisted 
after diverticulectomy and prostatectomy, in conjunction with peni- 
cillin and the sulfonamides. The patient’s s 3 nmptoms consisted of 
marked urgency, burning on urination, frequency of urination aver- 
aging 10 times a day, and nocturia averaging about 8 times a ni^t. 
Culture of the urine showed BaesUm proteus, Aerobacter aerogenes, 
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and Streptococcus non^hemolyticus, which were sensitive to 64 units, 
8 units, and 16 units of streptomycin per ccm., respectively. This pa- 
tient received 200,000 units of streptomycin, intramuscularly, every four 
hours for 18 doses, the total dosage being 3,600,000 units. After the 
first day of treatment, the nocturia was reduced to 3 times a ni^t, and 


Table 5 

Analysis op Bacterial Flora in Urine op Patients Before and After Treatment 

WITH Streptomycin 



Number of 

Number at 

Number 

Organism 

organisms before 

conclusion of 

2 weeks after 

treatment 

treatment 

treatment 


A. Cases 1 to 7 inclusive, treated with 200,000 units of streptomycin every 4 hours 
for 3 days. 


Strep, nonrhernolyticus 

7 

6 

5 

B. '^oteus 

7 

5 

6 

A. aerogenes 

4 

0 

2 

E. coli 

3 

1 

1 

Ps. aeruginosa 

2 

0 

0 

K. pneumoniae 

1 

0 

0 

Staph, aureus 

1 

1 

0 


B. Cases 8 to 13 inclusive, treated with 160,000 units of streptomycin every 3 hours 
for 3 days. (Case 13 received 200,000 units every 3 hours for 3 days.) 


Strep, non-hemolyticus 

6 

6 

6 

B. proteus 

6 

4 

6 

A. aerogenes 

3 

0 

1 

K. pneumoniae 

3 

1 

3 

Ps. fluorescens 

1 

0 

1 

E. coli 

1 

1 

1 


C. Cases 14 to 18 inclusive, treated with 375,000 units of streptomycin every 3 hours 
for 3 days. (Case 18 received 400,000 units every 3 hours for 3 days.) 

Siiep, nortrhemol 
B. proteus 
A. aerogenes 
K, pneumoniae 
E, coli 

Staph, aureus 
Strep, hemolgticus 


icus 

4 

2 

3 


4 

0 

3 


3 

0 

3 


2 

0 

0 


1 

0 

1 


1 

0 

0 


1 

0 

0 


the urgency and burning were definitely decreased. By the third day 
of treatment, the patient was completely asymptomatic. At the con- 
clusion of treatment, urine culture revealed only Streptococcus non- 
hemolyticus. Two weeks after the conclusion of treatment, the urine 
was sterile. This patient was still asymptomatic two months later. 

Comment: This patient was the only one in this series of urinary 
tract infections who did not have a neurogenic bladder. He had no 
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urinary obstruction, at the time of treatment, no calculi, and required 
no catheterization. The favorable result obtained with streptomycin 
must be considered in the light of these circumstances, when compared 
with the other cases in this group. 

Twelve patients with spinal cord injuries were treated, for 3 days, 
with streptomycin doses of either 200,000 units every four hours or 
160,000 units every three hours. In contrast to the above case, in only 
one instance was the urine sterilized, and even then reinfection oc- 


Tabu! 6 

Chanc® in Sbnsitivitt op Oboanisms to Streptomycin Following Treatment 


Case 

Organism 

In vitro sensitivity 
(Units per cc.) 

Total dosage 
of drug 
administ^ed 

Prior to 
treatment 

Two weeks after 
treatment 

3 

B. protem 

4 

64 

3,600,000 units 


A. aerogenes 

32 

32 


4 

B. proteus 

16 

16 

3,600,000 units 


Strep, norinhem. 

16 

16 


6 

A, aerogenes 

128 

over 128 

3,600,000 units 


B, proieus 

16 

16 



Strep, nonr-hem. 

16 

16 


6 

B. proieus 

16 

over 128 

3,600,000 units 

7 

B. proieus 

8 

over 128 

3,600,000 units 


Strep. noTirhem. 

16 

over 128 


9 

B. proieus 

. 16 

8 

3,600,000 units 


A. aerogenes 

16 

16 


10 

B. proieus 

2 

8 

3,600,000 units 


Strep, rurnrhem. 

8 

less than 0.5 


11 

B. proieus * 

4 

over 256 

3,600,000 units 


Ps. fluorescens 

8 

over 256 



Strep, nonrhem. 

4 

8 


12 

B. proieus 

4 

over 256 

3,600,000 units 


Strep. Tum-^hem. 

4 

over 256 



curred within two weeks. In the other cases, some of the bacteria dis- 
appeared during iareatment, only to reappear after treatment. These 
patients had, variously, one or more of the following complications 
which, we feel, contributed to the failure of streptomycin therapy to 
achieve complete and lasting sterilization: suprapubic cystostomies, 
urinary calculi, indwelling catheters, or residual urine requiring 
catheterization. 








































PULASKI AND OTHERS: CLINICAL USES OF STREPTOMYCIN 193 


On the basis of this experience, the dosage of streptomycin was in- 
creased to 375,000 units every three hours for 24 doses, a total of 9,000,- 
000 units. In five patients treated with this dosage, the urine was 
sterilized in all, except that the non-hemolidiic streptococcus persisted 
in two cases. Table 6 illustrates vividly the striking effect on the 
bacterial flora of the larger doses, as compared with the smaller doses. 
However, it is to be noted that reinfection with some bacteria occurred 
in all cases, regardless of dosage, emphasizing the role of calculi, open 
wounds, and residual urine, in the failure of streptomycin to achieve 
complete and permanent sterilization of the urinary tract. 

Bacteria in the urinary tract rapidly acquire resistance to strep- 
tomycin (table 6) . Inadequate treatment, whether due to insufficient 
dosage, or presence of the other causes for reinfection already enumer- 
ated, may lead to the rapid development of drug-fastness. We, there- 
fore, feel that streptomycin is contra-indicated in the presence of supra- 
pubic fistulae, urinary calculi, residual urine, mechanical obstruction, 
or any condition requiring repeated catheterization. The drug should 
be reserved for such time as these conditions are corrected. Inter- 
estingly enough, the development of drug resistance was not found as 
consistently in our group of infections in battle wounds, except with 
Pseudomonas aeruginosa. 


BACTERIEMIAS 

The third group of cases which we studied consisted of four patients 
with bacteriemia. 

Case 1: This patient was a 22 year old paraplegic who, on 20 June, 
1945, suddenly developed an acute illness manifested by repeated 
severe shaking chills and a “spiking” temperature which reached 106.8°. 
On the fourth day of the illness, blood culture was reported positive 
for an organism in the Friedlander-Aerogenes group. Streptomycin 
therapy was begun with an intravenous dose of 1,000,000 units, dis- 
solved in 300 ccm. of 5% glucose in normal saline. In addition, the pa- 
tient received 250,000 units, intramuscularly, every 90 minutes, the 
total daily intramuscular dosage amoimting to 4,000,000 units. The 
temperature subsided by lysis, becoming normal on the sixth day of 
treatment. On the eighth day of treatment, the temperature rose to 
101.6°, and patient developed a generalized morbilliform rash. Strep- 
tomycin was then discontinued, with the result that the temperature 
subsided promptly, and the rash disappeared. Daily blood cultures 
taken during the illness were all negative subsequent to the institution 
of streptomycin therapy. 
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Comment: The bacteriemia was controlled by the large dosage of 
streptomycin employed. The secondary rise in temperature which 
occurred on the eighjh day, and the rash, may be considered as toxic 
reactions caused by the drug. 

Case S: This was a 24 year old paraplegic, who developed repeated 
shaking chills and fever on 1 July, 1945, the temperature rising to 105°. 
Two blood cultures, taken during different chills on 3 July, 1945, were 
reported positive for an organism in the Friedlander-Aerogenes group. 
Streptomycin therapy was begun on 4 July, 1945, with intramuscular 
doses of 200,000 units every four hours, amounting to 1,200,000 units 
daily. Although blood cultures became negative, the chills and fever 
persisted unchanged for 3 days. The dose was then increased to 
300,000 units every 3 hours, the total daily dose amounting to 2,400,000 
units. This was followed by a slow drop in the temperature to 101°, 
but the patient continued to have several mild chills daily. On 13 
July, 1945, streptomycin was discontinued. The temperature promptly 
increased, and the chills became more severe. On 20 July, 1945, an 
intravenous pyelogram revealed the presence of a calculus in the right 
ureter. On the next day, ureteral catheterization was done, and about 
100 com. of thick foul creamy pus was aspirated from the right ureter. 
Culture of this pus revealed Bacillus proteus. A blood culture taken 
on the previous day grew the same species, but no Aerogenes-Fried- 
lander organism. 

On 21 July, 1945, streptomycin therapy was resumed on a dosage 
schedule of 375,000 units every three hours, the daily dosage amounting 
to 3,000,000 units. Ureterolithotomy was performed, on 24 July, 1945, 
following which the temperature subsided, and the patient made a clin- 
ical recovery. Streptomycin was discontinued on 27 July, 1945, the 
patient having received a total of 37,350,000 units. 

At the onset of the illness, the following bacteria were cultured from 
the urine: Klebsiella pneumoniae, Bacillus proteus, Escherichia coli, 
and Streptococcus non-hemolyticus, each sensitive to 16 units of strep- 
tomycin per cc. K. pneurrumiae and E. coU disappeared within one 
day after institution of specific therapy, but B. proteus and Strep- 
tococcus nonrhemolytieus persisted throu^out and after treatment. 
Tests after the conclusion of treatment showed that the growth of B. 
proteus was not inhibited in vitro by 50,000 units of streptomycin per 
cc. In other words, the resistance of B. proteus to streptomycin, in 
this case, had increased from 16 units per ccm. to over 50,000 units 
per ccm. 
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Comment: The relative ineffectiveness of streptomycin, in this case, 
contrasts sharply with its effectiveness in the former case. The lack 
of response may be attributed partly to small early dosage, but chiefly 
to the failui’e to evacuate pus from the ureter and to remove the cal- 
culus obstructing drainage, until late in the coiirse of the disease. The 
marked increase of resistance to streptomycin of B. proteus, because 
of inadequate treatment, is noteworthy. 

BRUCELLOSIS 

Case 1: A 30 year old bacteriologist was admitted to the hospital, 
27 July, 1945, complaining of “high fever” and “weakness” of two days 
duration, preceded by a mild diarrhea. The fever persisted and blood 
cultures were positive on 3 different occasions, for Brucella meliten- 
sis, which was determined to be sensitive in vitro to 1 unit of strep- 
tomycin per com. Streptomyem therapy was instituted, 11 August, 
1945, the patient receiving 200,000 units, intramuscularly, every four 
hours for 10 days. The fever subsided by lysis, becoming normal on 
the eighth day of treatment. On 22 August, 1945, a thrombophlebitis 
of the deep veins of the left leg developed, but subsided gradually. On 
8 September, 1945, the patient developed pneumonia, which responded 
promptly to penicillin. 

Two other febrile episodes, associated with malaise and generalized 
lymphadenopathy, occurred during September, 1945. In October, 
1945, another such episode occurred, during which blood cultures again 
were positive for Bi'ucella melitensis. Streptomycin therapy was 
resumed, the patient receiving 333,000 units every four hours for 10 
days. The Icbrilc course was unchanged, the temperature fluctuating 
daily up to 102° F. However, blood cultures became negative. The 
sti’cptomyciu level in the blood was 16 units per ccm. The temperature 
returned to normal, one day after cessation of treatment, but rose 
again, after a short interval. 

Comment: Streptomycin was undoubtedly a failure in this case, 
which showed the typical exacerbations and remissions to be expected 
in undulant lover. 


TYPHOID FEVER 

Case J : A 24 year old soldier developed classical agns and symptonas 
of typhoid fever, confirmed by positive blood and stool cultures. 
Streptomycin therapy was instituted in the third week of the iUness, the 
patient receiving 500,000 units intramuscularly and 160,000 imits orally. 
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every four hours for six days. Stool and blood cultures were still 
positive, 24 hours after institution of therapy, but were negative there- 
after. Although the patient’s clinical appearance seemed to improve, 
the temperature persisted throughout the treatment, and subsided later 
by lysis. 

Comment: Although the cultures became negative, and the clinical 
appearance improved, the temperature persisted, as in the usual coimse 
of this disease. The role of streptomycin in the patient’s recovery is 
difficult to evaluate. 


DRUG REACTIONS 

We have noted no serious reactions to streptomycin therapy. In 
several cases, generalized morbilliform eruptions have occurred (plate 
8), with or without a febrile reaction, eosinophilia, and albuminuria. 
These cleared up promptly, on discontinuance of the drug. In many 
cases, a reducing reaction has been observed in the urine. This reac- 
tion is due, chiefly, to the presence of streptomycin itself in the urine 
(plate 9) . Some batches of the drug cause a transient drop in sys- 
tolic and diastolic blood pressure, without accompanying ssrmptoms. 
We do not feel that fhese reactions contraindicate further drug admin- 
istration, if the patient’s condition justifies it. 

CONCLUSIONS 

1. Streptomycin inhibits the growth of gram-negative and gram- 
positive pathogenic bacteria. The Colon and Friedlander’s group arc 
especially sensitive, while the Proteus, Aerogenes, and Pyocyaneus 
groups are more resistant to this drug. 

2. Non-hemolytic streptococci and hemolytic staphylococci require 
4 to 8 times more streptomycin to inhibit their growth when human 
blood, plasma, or serum is added to the media. 

3. Though there is no correlation of the sensitivity of organisms to 
penicillin and streptomycin, subinhibitive doses of each, when com- 
bined, have an additive effect. 

4. To combat aerobic, pathogenic bacteria of surgical infections, a 
sustained minimum blood concentration should be not less than 8 units 
per ccm. To accomplish this, 400,000 units of streptomycin should be 
^ven intramuscularly every four hours. In surgical infections, treat- 
ment should be continued for 7 days or longer; in genito-urinary in- 
fections, for 3 days or longer. 
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6. The importance of adequate surgery is emphasized, if streptomycin 
therapy is to succeed in eliminating infection when dead tissue, collec- 
tions of pus, foreign bodies, calculi, and thick-walled sinus tracts are 
present. 

6. Too small a dosage, too sliort a course of treatment, or failure to 
evacuate pus, calculi, sequestrae, or foreign bodies, predispose to the 
prompt development of drug-fastness. 
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Puts 9 

Reducing effect of streptomycin on alkaline copper solutions 




CLINICAL EXPERIENCES WITH PENICILLIN 
IN THE NAVY*t 

By Webneb W. Deemunq 
Commander, MC-V(S), V. S. N. B. 

In March, 1945, the Penicillin Committee of the National Naval 
Medical Center’- published a comprehensive report on the treatment 
■with penicillin of 1,455 cases, for fifty different clinical entities. The 
unrestricted availability of penicillin, since that time, has encouraged 
medical officers to utilize this chemotherapeutic agent in a variety of 
conditions. This report, including the figures from the National Naval 
Medical Center, has raised -the number of reported conditions under 
treatment with penicillin to sixty-five, and the aggregate of patients 
treated, to 17,879. In order to make this a comprehensive picture of 
the use of penicillin, in the Navy, not only my own experiences in the 
treatment of syphilis, gonorrhea, and dermatologic conditions have 
been utilized, but the published reports of Naval Medical Officers the 
world over have been freely drawn upon, and some unpublished data 
from colleagues in special fields have been included. 

The history of the discovery of penicillin and its later development 
as a practical chemotherapeutic agent is now well known to the medical 
profession and will not be reviewed. Likewise, it is beyond the scope of 
this paper to delve into the chemistry or pharmacology of the drug. 
It shall, therefore, only summarize its clinical application, as it has 
been used in the Navy. 

CLINICAL APPLICATION OF PENICILLIN 

Penicillin in Pneumonia, Lui^ Abscess, Bronchiectasis, Empyema, 
Acute Pleurisy, and Pleural Effusion’"” 

In this group, a total of 1,694 cases, including two cases of influenza 
bacillus pneumonia, was treated with penicillin alone, or in combina- 
tion with sulfonamides and supplementary procedures. In primary, 
atypical pneumonia, penicillin was of definite value in combating 
secondary bacterial invaders, reducing the febrile period, and lowering 
the number of sick days. In lobar and bronchopneumonia, using a 

• A r^rt based on 17,879 oases treated for sixty-five clinical entities. ^ ^ , 

t This artide has be^ released for publication by the Division of Publications of the Bureau of 
Medicine Surgery of the United States Navy. The opinions and views set forth in this artide 
are those of the writer and are not to be oonstruM as reflecting the polides of the Navy Department. 
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m inim al dose ranging from 409,000 to 2,084,000 units, depending on the 
type and complication present, success was more consistent when 
penicillin was used immediately, rather than after the delay incurred 
by the prior use of a sulfonamide. In the latter instance, larger doses 
were needed and more failures encoimtered. A marked reduction in the 
development of complications was noted, when the initial dose consisted 
of 200,000 units, intravenously given in 200 ccm. of 5fo glucose and sa- 
line, followed by 100,000 units intravenously every two hours. A slow 
clinical response was the indication for giving an additional intra- 
venous dose of 200,000 units, every four to six hours, as a booster. 
Excellent results with this time-dosage relationship were achieved in 
two cases of influenza bacillus pneumonia, an organism which, hereto- 
fore, has not been considered susceptible to penicillin. This method of 
administration, together with the limitation of fluids, produced hi^ 
blood levels, and obviated pulmonary edema. An appreciable number 
of complicating empyemas escaped surgery, after intrapleural instilla- 
tions of penicillin. Four pneumonias, complicated by rheumatic fever, 
responded, without improvement in the status of the rheumatic fever. 

Although chemotherapeutic measures have not altered the funda- 
mental principles for surgical drainage, in frank empyema or lung 
abscess, the early and effective use of the former have, to a degree, 
eliminated the need for the latter. In a group of 37 cases of strep- 
tococcal empyema, 29 responded to aspiration, with the instillation of 
20,000 units of penicillin intrapleurally, after each aspiration, and an 
additional dose of 5,000 units I.M., every three hours. The average 
number of hospital days, for the aspirated cases, was 84.5 days. In 
contrast to this, the requirements of tiie eight patients who were treated 
surgically were in excess of 167 days. 

Of four cases of lung abscess, two responded to penicillin alone, 
while two required surgical drainage, in addition. In all instances, the 
toxemia was reduced, and the course of the disease shortened. 

One case of acute fibrinous pleurisy, in which the cause was not 
determined, responded promptly to penicillin within 48 hours. Ex- 
cellent results were obtained, in a case of severe unilobular bronchiecta- 
sis, by daily bronchial lavage and intrabronchial instillation of peni- 
cillin or sulfonamide solutions, after more conventional methods of 
treatment had failed. The use of tiiis method is suggested for tiiose 
cases in which surgery is not advisable or desired. 

Prom the accumulated evidence at hand, one fact can be emphasized: 
that, in pneumonia, the mortality and complications are reduced if 
penicillin is used early and in preference to the sulfonamides. Not only 
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is it the drug of choice, in pneumococcal, staphylococcal, and strep- 
tococcal pneumonia, but evidence is also accumulating that its use is 
justified in primary, atypical pneumonia. 

Meningitis and Meningococcemia^’ 

This study comprises fifty-four cases, in which the meningococcus 
was the offending organism in forty-six; the pneumococcus, in six; and 
the streptococcus, in two. The unquestioned value of penicillin, for 
the treatment of meningococcal infections, has been well establi^ed, 
particularly since it offers the added advantage of bringing about a 
satisfactory response, when the sulfonamides fail, and supplants the 
latter, in the treatment of patients in whom sulfonamide therapy is 
contraindicated. All of the meningococcus-meningitis cases responded 
to the systemic administration of relatively minimal doses of penicillin 
(total of 40,000 units, over a period of 8 hours, to a TnaxiTniim of 260,- 
000 units, over a 48 hour period) , with an additional injection or two, 
intrathecally, of 10,000 units. 

Regardless of whether penicillin or sulfadiazine is used in the treat- 
ment of meningococcic infections, it is imperative that prompt, ade- 
quate blood levels be established and maintained, because, when death 
occurs during the first three or four days, it is from the septicemia 
rather than the meningitis. In order to conserve valuable time, and 
in the interest of saving lives, it has been the established practice, at 
the U. S. Naval Hospital, San Diego, to institute concurrent sulfa- 
diazine and penicillin therapy, rather ihan to exclude one or the other, 
or postpone treatment until bacteriologic study involving the penicillin 
sensitivity of the isolated organism has been completed. These meth- 
ods are time-consuming, and more expensive than the small amount 
of penicillin necessary to determine whether it will be of value in the 
particular case. Response is usually prompt, when the drug is of any 
value, and can be discontinued when the bacteriologic and clinical 
signs of improvement become well established. 

It has, also, been found that penicillin, administered sjrstemically, 
can diffuse into spinal fluid in adequate concentration during the course 
of severe menin^tis. For this reason, intrathecal therapy has been 
practically discontinued for almost a year^ However, especially when 
early treatment has been neglected, failure of the patient to improve 
after accepted forms of treatment, coupled with failure of establish- 
ment of adequate blood levels, should always suggest the possibility of 
spinal block. In this event, the more direct approach throu^ the 
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cistema magna, with the administration of penicillin, cisternally, after 
drainage of fibrinopurulent material, has been found to be of value 
and devoid of danger. Forcing of fluid, beyond maintaining a urinary 
output of 1500 ccm. per day, is not necessary. In fact, it is believed 
that restriction of fluids is of definite value, in production of the bi- 
lateral effect of maintaining higher blood levels of the drug, and fore- 
stalhng pulmonary edema, which was, without exception, a post- 
mortem finding. 

The cases of meningococcemia deserve special consideration, because 
they showed a mortality of 70 per cent. Of the survivors, one case of 
meningococcemia was complicated by gangrene of fingers and toes, 
which led to residual deformities of the terminal phalanges of three 
fingers. Within twelve to forty-eight hours of penicillin therapy, 
definite improvement, with recovery of consciousness, decreased ri^d- 
ity of neck, and sharp decline in fever, was noted. Intramuscular peni- 
cillin was used, from 5 to 10 days, in a dosage of 30,000 units, every 
2 or 3 hours; and intrathecal penicillin, for 3 or 4 days, in a dosage 
of 10,000 units in concentration of 1000 units per com., every twelve 
hours. 

In a case of meningococcemia with arthritis, penicillin therapy was 
instituted, 14 days after intensive sulfadiazine therapy failed to con- 
trol a persistent meningococcemia with acute arthritis of both knees. 
After 10 days of penicillin, intramuscularly, in dosage of 15,000 units 
every 3 hours, the fever declined by lysis, and the arthritis subsided, 
after initial aspiration. The blood culture remained positive for a 
ts^pe I meningococcus, for the first seven days, and recovery was com- 
plete, although arthritic manifestatioi^ persisted for an additional 
6 weeks. 

The other case of fulminating meningococcemia with purpura 
(Waterhouse-Friderichsen syndrome) survived, with massive doses of 
penicillin (46 million units total) , restriction of fluid intake to 2500 ccm. 
daily, and sulfadiazine. This case was complicated by gangrene of 
nine toes, which were later amputated. 

Out of this entire group of 54 oases, there were 9 deaths, distributed 
as follows: Seven cases of meningococcemia, one of pneumococcic 
menin^tis in a 58-year old man, and one case of meningococcus 
meninptis who expired 38 hours after admission, and in whom necropsy 
disclosed suppurative menin^tis, secondary hydrocephalus, and edema 
of the brain and lungs. (He had received 300 ccm. of additional 
fluids, daily.) 
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Scarlet Fever, Erysipelas, Cellulitis, and Stomatitis^' 

This group includes a comparative study of two thousand cases of 
scarlet fever which were hospitalized, from 1943 to 1945. From 1943 
to 1944, the sulfonamides were employed routinely, and penicillin de- 
ferred for 48 hours, when it was started because of failure of response 
to the sulfonamide or the development of a complication jeopardizing 
Ihe patient’s life or prompt recovery. During this year, there were 
seven deaths. In the thousand cases observed, during 1944 to 1945, 
penicillin was not deferred, but given early in a dosage of 25-50,000 
units intramuscularly, every two to three hours. Critically ill patients 
received 100,000 units intramuscularly, every hour or two, until the 
crisis was passed. There was one death, in this latter series. 

The cases of cellulitis included infection of the jaw and neck, fol- 
lowing extraction of a tooth; diffuse, deep maxillary cellulitis, second- 
ary to infection of the submaxillary gland, following blockage of the 
duct by three calculi; and two cases of infection of the hand, following 
human bite. Bacteriological studies, in these cases, revealed mixed 
infections with the streptococcus, non-hemol 3 rtic Staphylococcus aureus, 
diphtheroids, and beta-hemolytic streptococcus. All responded to 
penicillin therapy, without surgical interference, including the deep 
submaxillary cellulitis, in which surgery is usually advocated. The 
total dosage varied, from 720,000 units to the 2,050,000 unite which 
were administered in a case of Ludwig’s an^a. The bite infections 
responded to a total dosage of 1 million units, given by the intramus- 
cular route, and were completely healed in ten days. In this connec- 
tion, penicillin-blood plasma powder, applied directly to infected 
wounds, has been observed to be highly effective in controlling purulent 
discharge and promoting healthy granulation tissue. It combines bac- 
teriostasis with excellent nutrients for tissue regeneration. 

Penicillin, when administered for erysipelas, stomatitis, and Vin- 
cent’s angina, gave uniformly good results. In forty-one cases of the 
latter, twenty-nine were cured with a total dose of 200,000 units, given 
at the rate of 10,000 units intramuscularly, every three hours. The 
remainder cleared, after a second course pven the following day. The 
average number of hospital days was decreased to five, in these cases, 
as compared with twenty-three, for those treated by all other methods 
(tablbI). 

Otorhinolaryngology^’ “ 

In the special field of diseases of the ear, nose, and tiiroat, partic- 
ularly in otitis media and its complications— sinusitis, pharynptis, 
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tonsillitis, and suppurative pharyngeal lesions— penicillin, both sys- 
temieally and topically, is by far the drug of choice. Most often, these 
conditions are caused by penicillin-sensitive organisms, and the early 
and adequate use of penicillin has appreciably reduced the incidence of 
serious and often fatal complications. As a rule, acute otitis media 

Tabm 1* 

Clinical Data in 41 Pbnicillin-Tbeatbd Cases of Vincent’s Ancona 


Areas Invoked 



Tonsils 

Gums 

Gums 

and 

tonsils 

Totals 

Number of cases involving 

26 

13 

3 

41 

Cases cured by 200,000 units 

15 

11 

3 

29 

Cases cured by 400,000 units 

10 


■Q| 

12 

Average hospital days after start of penicillin 

6 



6.4 

History of previous attacks, failure of other 
treatments 

13 

4 

1 

18 


• Reprinted from Xwiniag-, H. a., vi al . U. S. Naral Med. Bull. 45l 481. 1945. 


responded, in 2 to 4 days, with continuous intramuscular injection of 
200,000 units per day, some becoming afebrile in 24 hours. In those 
complicated by mastoiditis necessitating smrgical drainage, the prior 
use of penicillin permitted of a simple mastoidectomy, and the con- 
tinued systemic use of penicillin after surgery, together with the in- 
stillation of penicillin solution into the wound, brou^t about prompt 
healing of the middle ear and complete healing of the wound, in 8 days. 

Maxillary sinusitis responded rapidly to the topical use of penicillin 
following irrigation, and, not infrequently, this form of therapy changed 
a frankly purulent to a mucoid discharge, in 24 hours, with prompt 
cessation of local discomfort. In the more severe infections, the addi- 
tional systemic administration of penicillin is advocated. Ih one case 
of acute ethmoiditis, complicated by orbital cellulitis and septicemia, 
the response to penicillin, given intramuscularly at the rate of 20,000 
units every 3 hours, was dramatic, after a total dose of sulfadiazine of 
310 grams and two blood transfusions in two days failed to improve 
the clinical course of the disease. The temperature dropped from 
105° F. to 102.6° F., in 24 hours, and free drainage from the nostril 
was established. Five days after penicillin therapy was started, the 
orbital abscess was incised and drained, followed by complete recovery. 
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The Staphylococcus aureus was recovered from the nasal drainage, the 
blood stream, and the orbital abscess. 

Because of a gradual rise of complicating mastoiditis, in a large series 
of cases of otitis media, and the apparent failure of sulfonamide 
therapy, a program of penicillin therapy was instituted, with striking 
and gratifying results (table 2) . The incidence of mastoiditis dropped 


Tablb 2 

Incidbncb of Subqigal Mastoiditis and Complications of Otitis Media 
(From von Christierson, S.»» U. S. Naval Med. Bull. 46 : 920. 1945.) 


Month 

Otitis media 

Mastoidectomies 

Per cent 

Complications 

August 1943 

61 

2 

4.0 

0 

September 

91 

7 

7.7 

2 

October 

64 

1 

1.7 

0 

November 

58 

5 

8.6 

1 

December 

123 

17 

13.8 

0 

January 1944 

113 

30 

26.5 

7 

February 

120 

20 

16.6 

5 

March 

186 

23 

12.4 

6 

April 

123 

*34 

27.6 

5 

May 

113 

7 

6.2 

2 

June 

87 

6 

6.8 

0 

July 

90 

6 

6.6 

1 

Totals 

1,219 

157 

12.9 

29 


* One patient who had mastoiditis with cerebellar abscess and petrositis was not 
operated upon. 


from 27.6 per cent, in one month, and only four patients who had re- 
ceived adequate penicillin therapy developed surgical mastoiditis. 
Adequate treatment consisted of continuous treatment for four days, 
prior to the onset of signs and symptoms of mastoiditis. 

Penicillin in Ophthalmology^' 

In the field of ophthalmology, penicillin has both a local and systemic 
use. Mild conjunctivitis, blepharitis, and superficial ulcer responded 
to the instillation of penicillin in a concentration of 600 units per ccm., 
supplemented by penicillin ointment. Systemic therapy, however, is 
indicated in gonorrheal ophthalmia, orbital cellulitis, and intraocular 
infections. In one case of severe iridocyclitis, penicillin was used, with 
complete recovery, after atropinization, continuous hot compresses, 
topical applications of sulfanilamide powder to the conjunctival sac, 
and intravenous typhoid therapy had been used, without improvement 
in the condition. After two days of intramuscular penicillin, at the 
rate of 20,000 units every three hours, the ciliary injection was defin- 
itely lessened, and the pupil was well dilated. The patient was dis- 
charged as cured, 2 weeks after admission. 









208 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Appendicitis and Peritonitis^’ ** 

Penicillin, in a dosage of 20,000 units every two hours for 5-7 days, 
was found effective in controlling peritonitis associated with ruptured 
appendix, in seven cases. In general, however, the smaller dosages 
will not prevent the formation of intraperitoneal abscesses. Twenty- 
five patients, with extensive contamination of the peritoneal cavity, 
were treated with doses of 100,000 units given intramuscularly every 
2 hours for 2 days; then, 50,000 units, every 2 hours for 2 days; followed 
by 50,000 units, every four hours for 2 days; and finally, 25,000 units, 
every four hours for 2 days; a total dosage of 4,500,000 units, in 8 days. 
The treatment was followed by prompt recovery, without intra-abdom- 
inal complications, and with no residual abscesses. The high initial 
dose was felt advisable, in order to overcome the penicillin-neutralizing 
effect of the Escherichia coli. 

In two cases of intestinal obstruction with peritonitis, following rup- 
ture of the small intestine, penicillin was tmsuccessful, in one, and its 
action was indeternoinate, in the other. In both cases, the intestinal 
flora was predominantly gram-negative. 

Brain Abscess®* 

Penicillin has been found to be a valuable adjunct to surgery, but 
is not, in any sense, a substitute for surgery, once a brain abscess be- 
comes established. In six cases in which the sulfonamides had been 
used in adequate dosage, for a period of five to seven days, without 
abatement of symptoms, the introduction of penicillin brought about 
prompt improvement, and five survived, after surgical drainage (table 
3). Bacteriologic studies revealed the hemolytic streptococcus, hem- 
olytic Staphylococcus aureus, and a non-hemolytic streptococcus, as 
the offending organisms. 

Penicillin in the Treatment of Yaws®*’ 

During the past year, the Medical Department of the Navy has 
been conducting a study of tibe efficacy of penicillin in the treatment 
of yaws, among the natives of Samoa. 

Of the cases treated to date, 60 were of early yaws, 30 of late yaws, 
and 19 were unclassified. Cases classified as early received 20,000 
units of penicillin intramuscularly, every 3 hours for 8 days, and the 
late cases received the same dosage, for 21 days. The total doses were, 
therefore, 1,280,000 units and 3,600,000 units, respectively. The un- 
classified oases were treated during a preliiidnary phase of the in- 
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vestigation and received total doses ranging from 200,000 to 3,200,000 
units. 

The early cases, with generalized, fresh, granulomatous lesions, were 
cured, clinically, more rapidly than were the later cases, with destruc- 
tive types of lesions. Patients with generalized, fungating yaws, whose 
lesions were teeming with spirochetes, were cured, clinically, in 5 to 
7 days. The late lesions, some of which had been present for long 
periods of time, healed at about the same rate as would any clean 
surgical wound. Pinch skin grafts, which took readily, were applied 
to some of the more extensive ulcers, in order to shorten the time of 
convalescence. Roentgenographic studies, in one case of yaws in- 
volving bone, showed that the destructive process had been checked 
by penicillin, and that there was an excess of dense, osseous tissue, at 
the site of the old lesion. 

Darkfield studies demonstrated that the spirochetes disappeared, 
from the early lesions, within an average of 14 hours, and from the 
late lesions, in 13 hours. Darkfield examinations were negative, in 3 
late cases of long standing which had been treated with neoarsphen- 
amine and bismuth, without clinical improvement. These cases healed 
under penicillin therapy. 

Four of the unclassified cases, treated during preliminary studies, 
are of imusual interest. Two of tiiese patients were apparently cured 
with total doses of only 200,000 units, administered intramuscularly 
in doses of 5,000 units, at intervals of 3 hours. In one of these, the 
Kahn test was essentially negative, one year following treatment. A 
third case showed the usual prompt bacteriolopcal and clinical response 
to penicillin administered over a period of 5 days (total dose 400,000 
units). The Kahn test, which had been strongly positive, was nearly 
negative after six months. One year later, the patient developed a 
typical, raised granuloma of early yaws, in which spirochetes were 
found. The Kahn test, again, became stiongly positive. It was con- 
cluded that this child had again acquired yaws, after having been cured 
of the original infection. A fourth patient, in the unclassified group, 
was the only therapeutic failure in the entire series of 109 cases. Al- 
thou^ the darkfield examination was negative, after 24 hours, and 
the lesions healed, the Kahn test remained strongly positive. Four 
months later, ihere was a recurrence of foul, punched-out ulcers over 
the upper extremities and back, but these leaons showed no trepone- 
mata, on darkfield examination. The reason for the failure of penicillin 
and for the persistency of imusually destructive and extensive lesions, 
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in this case, is not clear. (The etiology of these lesions was not com- 
pletely established.) 

Quantitative Kahn tests, performed at intervals of 3 weeks, showed, 
in general, a very slow reduction in titer and considerable fluctuation. 
The only exception was in the single therapeutic failure, previously 
described. The shortest time required for the E[ahn test to become 
negative, in this series, was 5 months. In view of the similarity of 
TTeponetna paUidum and T. p&rtenue, the marked difference in rate 
of serological response is puzzling. Quantitative testing of sera from 
these patients will be continued, at appropriate intervals. 

In summary, it may be stated that, during a relatively short period 
of observation, penicillin has proved highly effective in the treatment 
of yaws. Clinical response has been prompt, while serolo^cal re- 
sponse has been very slow and irregular. Final evaluation cannot be 
made until these patients have been followed over a longer period of 
time. 

The method of administering penicillin used in this study required 
hospitalization. If it were adequate to ^ve one daily dose of the 
drug by employing absorption-delaying metiiods, or if oral adminis- 
tration should prove effective, it might be possible to treat natives witii 
penicillin on an oy.t-patient basis. Mass treatment of natives, in the 
past, has been largely an administrative problem, which required 
weekly injections of arsenical or bismuth compounds and careful 
follow-up observations, with treatment at definite intervals, for a 
period of years. Whether or not mass therapy with penicillin can 
be made practical, remains to be seen. 

A case of generalized yaws, in a white man, responded to penicillin 
given intramuscularly, at the rate of 16,000 units every 3 hours, for a 
total dose of 1,500,000 units. Spirochetes could not be demonstrated in 
the lesions, 18 hours after treatment was begun; all lesions, except 
the ulcer, were healed in 5 days; and the ulcer itself, in 13 days. The 
blood Kahn reaction was positive, before the treatment was begun, and 
was still positive, when the patient was discharged from the hospital 
after 5 weeks of treatment, becoming negative one week later. 

A total of 110 cases has now been reported, all showing prompt re- 
sponse, but final evaluation cannot be made, until these patients have 
been imder observation for a longer period of time. 

Diphtheria®^ 

A study of 30 cases of diphtheria and diphtheria carriers revealed 
that penicillin does have a bacteriostatic effect on the Corynehacterium 
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diphtheriae. The daily dosage of penicillin from which the best result 
was obtained was 100,000 units. Four patients responded to the 100,- 
000-unit daily dosage, and one patient failed to respond. Of 20 pa- 
tients treated with a 50,000-unit daily dosage, 12 (60%) had negative 
throat cultures, and 8 (40%) did not respond. Six of the patients 
who failed to respond to 50,000 units of penicillin daily did respond 
to a second course, consisting of 100,000 units daily. Three patients, 
treated with 25,000 units of penicillin daily, had throat cultures per- 
sistently positive for Corynebacterium diphtheriae; two of these re- 
sponded to a second course, consisting of 100,000 units. 

Gonococcus Urethritis^* 

In this series of cases, 11,328 male patients, with gonococcus in- 
fection of the urethra, were treated, more than 50% of whom were 
classified as sulfa-resistant. A number of different schedules of dosage 
were followed, as well as routes of administration. Initially, the drug 
was given by continuous intravenous drip. Then, intramuscular in- 
jection, with or without local instillation of dilute penicillin solution 
into the urethra, was employed. No advantage was found in the local 
administration; hence, this method was discarded. The schedule found 
effective was 20,(K)0 units given intramuscularly, every 3 hours, for 
five doses. This total dose of 100,000 units resulted in cure in 98% of 
the cases. Furthermore, in the 2% which were recorded as initial fail- 
ures, cure was obtained by administering an additional 100,000 or 
200,000 units. No case was found in which the gonococcus was com- 
pletely resistant to penicillin. Although, in our series, the rate of re- 
lapse, after initial treatment, was a trifle hi^er, all responded on re- 
treatment, which, in some cases, included the use of sulfa^azine (table: 
4) . Recently, more effective results have been obtained with a dosage 
of 25,000 units given intramuscularly, every 3 hours, for 6 doses. The 
early detection of penicillin-resistant strains, in any case, and the 
prompt modification of therapy to meet individual needs, have possi- 
bilities of reducing to nil the already low percentage of failures, and 
eliminating the potentiality of further enhancing the resistance of the 
organism under treatment. A further and final refinement in our 
armamentarium will be the determination and use of that fraction 
of pemcillin that exhibits the greatest activity against the gonococcus. 

A series of cases, in which the diagnosis was nonspecific urethritis, 
prostatitis, epididymitis, pyelonephritis, and infections such as wound in- 
fection and balanitis, has been improved by penicillin therapy, in 85% 
of the cases. Clinical evidence of respoiise to treatment is quite 
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definite, if penicillin is of value in the particular type of organism, and 
the response comes about with the use of comparatively small amounts 
of the drug. 


Table 4 

Results with PbnicitjLin Theeapy in Veneeeal Diseases’*^ 



Cases Treaied 

Number Rdapaed 

Month 

1946 

Gono- 

coccus 

ure- 

thritis 

Srph- 

Ilia 

Chan- 

croid 

Lympho- 

grii- 

uloma 

vener- 

eum 

Gono- 

coccus 

ure- 

thritis 

if 

Chan- 

croid 

Lympho- 

grsui- 

uloma 

vener- 

eum 

May 

808 

93 

13 

nil 

42 

3 

0 

0 

June 

789 

72 

0 

0 

43 

10 

0 

0 

July 

901 

106 

0 

0 


4 

0 

0 

August 

757 

81 

1 

1 

BS 


0 

0 

September 

695 

62 

1 

0 

30 


0 

0 

October 

658 

59 

4 

0 

36 

2 

0 

0 

November 

646 

95 

6 


40 



2 

Total 

5,254 

668 

24 

2 

291 

25 

0 

2 


* Compiled from reports of all activities, Eleventh Naval District. 

Five per cent of gonococcus urethritis cases treated with penicillin showed rdapse. 

Four per cent of syphilis cases treated with penicillin showed rdapse. 

Ail cases respond^ on re-treatment. 

PeniciUin in Dermatology and Syphilology^’ ** 

Of the 892 syphilis patients treated in this series, 32 showed evi- 
dence of clinical or serologic relapse. 

The present routine for treatment can be summarized: 

1. Early syphilis: 40,000 units, every 3 hours, for 60 doses; a total 
of 2,400,000 units, during a period of 7% days. 

2. Latent syphilis: 40,000 units, every 3 hours, for 100 doses; or a 
total of 4,000,000 units, in 12^ days. 

3. Central nervous system syphilis: 40,000 units, every 3 hours, for 
200 doses; a total of 8,000,000 units, in 25 days. This is con- 
cluded witii 10 units of artificial fever therapy, accompanied by 
10 intravenous injections of 60,000 units each. 

In cases of uncomplicated primary sores, it was extremely gratifying 
to note the disintegration and disappearance of the Spiroc^ta paUida 
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from the local lesion, in from 7^ to 10 hours, and complete healing of 
the lesion, in from 3 to 15 days, depending on its size and/or a com- 
plicating phimosis. Reactions were encoimtered, in lO^fe of the cases, 
consisting of rise in temperature, urticaria, generalized pruritus, and 
Herxheimer reactions (50 fo). Fever ranged up to 105° F. and, in- 
terestingly enough, usuaDy reached its peak after the third injection, 
when most of the spirochetes had disintegrated and disappeared from 
the local lesion. 

Penicillin is certainly the best drug ever made available for the 
treatment of S37philis, when judged on the basis of safety, better tolera- 
tion, rapid sterilization of the infection, with disappearance of the 
treponema from the local lesion, and reversal of both blood and spinal 
fluid serologic findings. From the organized, nationwide, govem- 
mentally-sponsored studies, from which definitive results may be ex- 
pected rapidly to emerge, will come the answer of the optimum methods 
of its use; whether alone, or in combination with other forms of 
treatment. 

About 400 patients with various skin conditions have been treated 
with penicillin, locally or systemically. The pyodermas, including 
impetigo and sycosis vulgaris, responded nicely to the drug, employed 
either systemically or locally. Furunculosis was controlled, tem- 
porarily, by systemic treatment, while the following were not affected: 
acne vulgaris (except the secondary pustular elements), erythema mul- 
tiforme, mycosis fungoides, dermatitis herpetiformis, eczema, fungus 
infections, and scabies. In cases of acne associated with cyst forma- 
tion, gratifying results in involution of the cysts, without the usual 
disfiguring scarring, has been achieved by draining the cystic cavities, 
followed by the instillation of penicillin and infiltration around the 
cyst. It has also been my observation that, in certain types of vesicu- 
lar and bullous infections of iJie hands and feet, complete involution, 
with exfoliation of the epidermis, followed by rapid healing, occurs 
with entirely non-specific therapy. This suggests the possibility of 
development in situ of antibiotic substances by bacteria, and is worthy 
of further investigation. 

Phagadenic ulceration, which occurs commonly among the natives 
in most tropical countries, and which ranks second only to malaria 
as a principal cause of death, responded to the local application of 
penicillin, in a series of 18 cases. In some cases, healing progressed 
BO rapidly that skin grafting was not necessary. Bacteriologic studies 
revealed tiie presence of spirochetes and fusiform bacilli, often in pure 
culture. 
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Penicillin was also found effective in 24 cases of chancroidal infec- 
tion, although it failed to cure three experimental cases, possibly be- 
cause of inadequate dosage. 

Miscellaneous^’ **• 

Penicillin was found to be ineffective, in tuberculosis, lymphosarcoma, 
carcinoma, infectious mononucleosis, chronic ulcerative colitis, leuk- 
emia, brain tumor, rheumatic fever, malaria, fflariasis, mumps, 
coccidioidomycosis, and agranulocsrtosis. 

One case of acute suppurative pericarditis was successfully treated 
with intrapcricardial penicillin and systemic chemotherapy. In all, 
100,000 units of penicillin, in 5 daily doses of 20,000 units each, were 
instilled into the pericardial sac, following pericardial paracenteses, 
combined with the systemic administration of sulfadiazine and 1,740,- 
000 units of penicillin. 

Another case can also be added to the growing list of successful man- 
agement of subacute, bacterial endocarditis wiA penicillin. The drug 
was continued, in a dosage of 10,000 units, every 4 hours, for 7 dayu 
following remission of fever, and the treatment was further supple- 
mented by supportive measures, including repeated transfusions of 
whole blood. But, as has been pointed out by other investigators, 
some patients have recurrences, as long as 6 to 9 months after treat- 
ment. It is, therefore, too early to pass final judgment, in this case. 

SUMMARY AND CONCLUSIONS 

1. Herewith is presented a study and review of the use of penicillin, 
either alone, or with conjunctive therapy, in sixty-five different clinical 
entities, aggregating 17,879 patients. 

2. The source of this material, in addition to that of the author’s, is 
entirely from the work and previously published and unpublished re- 
ports of physicians in the Naval Medical Service. 

3. Problems of dosage are discussed, and more recent observations 
on the effectiveness of penicillin in influenza bacillus pneumonia and 
primary atypical pneumonia are presented. The restriction of fluids, 
beyond maintaining a urinary output of 1500 com. per day, is advo- 
cated for its definite value in maintaining hi^er blood levels and 
forestalling pulmonary edema. 

4. Penicillin, administered systemically, diffuses into spinal fluid 
in adequate concentration, during the course of severe meningitis. 
However, since both penicillin and sulfadiazine are hi^ly successful 
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in ilie treatment of meningococcal infections, no categorical decision 
can be made between the two. In order to conserve valuable time, and 
in the interest of saving lives, the initial concurrent use of both drugs 
is advocated, while awaiting completion of bacteriologic studies. Since 
pulmonary edema was a post-mortem finding, without exception, re- 
striction of fluids would seem to be advisable. 

5. In the specialties of otorhinolaryngology, ophthalmology, derma- 
tology, and in the control of wound infections, penicillin has a definite 
place, both topically and systemically. 

6. Penicillin is not a substitute for the surgeon’s scalpel, in appendi- 
citis or brain abscess, but is a valuable adjunct in counteracting intra- 
abdominal complications in the former, and promoting a lower mor- 
tality rate in the latter. 

7. Yaws responds promptly to penicillin therapy, but final evalua- 
tion, in the treatment of this disease, awaits the test of time. 

8. Although the results with penicillin, in gonorrhea and early 
syphilis, are better than with any drugs hitherto available, further and 
final refinements in the treatment of these diseases await the deter- 
mination of that fraction of penicillin that exhibits tire greatest activity 
against the gonococcus, and optimum methods of its use in sjnphilis, 
whether alone or in combination with other forms of treatment. 

9. The observation of the rapid involution of vesicular and bullous 
infections of the hands and feet, without specific therapy, is worthy 
of further investigation, from the standpoint of the development in situ 
of antibiotic agents produced by bacteria. 

10. In addition to those ah-eady mentioned, this study points out 
further problems awaiting solution, such as: the use of penicillin in 
prophylactic therapy; the value of high blood levels, in conditions 
thou^t to be unresponsive to penicillin; the slowing up of its absorp- 
tion, and the further development of its oral use; the elimination of 
variability in potency of the drug, and the need for an expression of 
dosage in grams, rather than the present unit designation. 
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SUMMARY 

Theoretical evidence for the existence of entities composed entirely 
of electrons and positrons is presented in the following article, together 
with a discussion of their properties.^ The simplest of these entities 
consists of one electron and one positron, bound together in a structure 
similar to that of the hydrogen atom. The next higher entity is com- 
posed of two positrons and one electron or of two electrons and one 
positron. The bi-olectron system is stable by 6.77 ev against dissocia- 
tion. Against annihilation, it has a life time of 1.24 X sec., when 
the spins of the two particles are parallel, and a life several orders of 
magnitude greater, when the spins are antiparallel. The tri-electron 
system also has a radioactive mean life of the order of sec., and is 
calculated to be stable by at least 0.19 ev against dissociation into a 
bi-electron and a free electron or positron. The production of a bi- 
electron, by interaction of an energetic gamma ray with the field of force 
of an atomic nucleus, is calculated to occur with a probability about 
10“® times less than that for production of an electron-positron pair. 
The possibilities are discussed for observing atomic and molecular spec- 
tra in which the positron plays the role of an especially light hydrogen 
ion. An expeiiment is suggested which can be used to check the theory 
of the perpendicular polarization of the gamma rays given off in the 
annihilation process. The similarities and distinct differences between 
polyelectrons and cosmic ray mesons are discussed. 

THE THEORY OF ELECTRON-POSITRON PAIRS 

The discovery by Anderson,^ in 1932, of the creation of pairs of elec- 
trons and positrons l)y electromagnetic radiation, and the subsequent 
interpretation of this observation, in the light of Dirac's® already existing 
relativistic theoiy of the spinning electron, initiated a fruitful branch of 
physics which is now often knowm imder the name of ''pair theory^ 

Pair theory is still in the coui*se of development. On the fundamental 
side, it does not, at this time, possess the well defined concepts and 
clarity of foimulation of electromagnetism, quantum mechanics, or 
relativity theoiy, in spite of important advances due to Dirac, Heisen- 
berg,® Weisskopf,® and Bohr.^ For example, the state of disturbance 
of the electron-positron field in the neighborhood of an atomic nucleus 
is still imperfectly understood. Likewise, the properties of the higher 
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entities of the type described here remain completely unstudied. Obvi- 
ously, it will be an important task for physicists, in the next few years, 
so to systematize our knowledge of pair theory and so to correlate it 
with observation that its now unsuspected implications will be un- 
covered. 

APPLICATIONS OF PAIR THEORY TO THE STUDY OF 
COSMIC RADIATION 

Fortunately, pah theory has evolved far enough both to have allowed 
major applications to the interpretation of cosmic ray phenomena, in 
the past, and to permit the analysis of the new entities treated below. 

These two developments of the theorj' are not independent. The 
increase in knowledge of cosmic ray problems which has come about 
through past applications of the electron-positron theory, is responsible 
for an appreciable interest, at the present time, in the properties of 
short-lived particles whose mass is inteimediate between that of the 
electron and that of the proton. 

The growth of understanding which led to this interest began when 
pair theory, in the hands of Oppenheimer and Plesset,® Dirac,* Sauter,^* 
and Bethe and Heitler,” yielded a satisfactory prescription from which 
to calculate the probabilitj' of elementary collision phenomena. Among 
these, the most important were the conversion of a quantum of radiation 
into an electron-positron pair, the annihilation of a positron by an 
atomic electron, and the deceleration of electrons and positrons with 
emission of radiation. In terms of these collision probabilities, Oppen- 
heimer and Carlson,^ in the United States, and Bhabha and Heitler,“ 
in England, independently, in 1936, successfully explained the portion 
of the cosmic radiation which is easily absorbable in lead. This so- 
called soft component of the radiation they interpreted as a nrixture of 
electrons, positrons, and quanta, undergoing, in its passage downward 
through the atmosphere, a rapid multiplication in number, via formation 
of pairs, radiation by the particles of the pairs of new photons, thence 
more pair formation, and so on. With this increase in munber, their 
picture associates an equally rapid degeneration in energy, untU, in the 
lower layers of matter, effective multiplication comes to a halt. It 
became clear that, as a consequence of this degeneration, the strength 
of the soft component passed its peak in the upper levels of the atmos- 
phere and that it accounted, at sea level, only for about twenty per cent 
of the total cosmic ray intenaty. This clarification of the role of the 
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soft component brought into light, especially by way of the experimental 
investigations of Anderson and Neddermeyer,^^ the true character of 
the hard component, which constituted by far the larger part of the 
radiation at sea level. To explain the properties of this component, it 
was necessary to assume the existence of singly charged particles, or 
mesons (from the Greek meso, intermediate, and on, ending used for 
nouns ; hence, entity of intermediate mass) , both positive and negative, 
with masses of the order of two hundred times the electronic mass. 
It was further necessary to attribute to these mesons an instability 
against break-up into a positively or negatively charged electron, plus 
some type of non-ionizing radiation, an instability associated with a 
mean life of the order of a microsecond.'^ 

Pair theory, though it opened the way to the discovery of mesons, 
did nothing to explain theii* structure. In the beginning, it was, in fact, 
assumed by many theoretical physicists that these particles possessed 
a certain characteristic mass; that they constituted a single new type of 
elementaiy particle quite distinct from electrons and positrons ; and that 
they played a role in binding together the neutrons and protons in an 
atomic nucleus. Subsequent attempts to develop a consistent theory 
of mesons on the basis of these assumptions have, so far, been unsuccess- 
ful, particularly in attempting to account for the mass difference between 
neutrons and protons, the magnetic moment of these nucleons and the 
rate of beta-ray disintegi-ation. The whole theoretical picture is in 
a state of imcertainty. On this account, it has a special interest, at this 
time, to turn back to a theory as well founded as the theorj^ of electrons 
and positrons and to find that it predicts the existence of entities which 
have masses very nearly integral multiples of the electronic mass and 
which spontaneously decompose with certain characteristic mean lives. 

The present investigation deals only with the properties of those 
electron-positi’on systems which have two and three times the electronic 
mass. It leads to the conclusion that these entities are, in some respects, 
stiikingly like the mesons obseived in the cosmic radiation, and, in 
other ways, definitely different. It has to leave unanswered, for the 
preisent, the question whether electron-positron systems of considerably 
higher mass can exist.'® 

For the name of the new entities of mass 2 and 3, it is proposed to 
use the word 'polyelectron — this name indicating their purely electronic 
character — and the symbols, and . The present 

investigation is believed to give good theoretical reason for the existence 
of these particles and for the conclusion that they play a certain, verj’' 
small, but finite role in cosmic radiation. 
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STRUCTURE OF THE LIGHTEST POLYELECTRON 

The discussion of systems composed of electrons and positrons is most 
conveniently divided under three heads: structure, means of formation, 
and modes of decay. Fortunately, this division is well justified. The 
life time of such a system against electron-positron annihilation is several 
orders of magnitude longer than the time which would be required, on 
the basis of classical mechanics, for the entity to execute one vibration 
or rotation. In the discussion of structure, we can, therefore, to a high 
degree of approximation, overlook the possibility of annihilation, and 
treat the electrons and positrons as two distinct and peimanent types 
of particles. Furthermore, the velocities of the electrons and positrons 
are as small, relative to the speed of light, as the velocities within atoms 
and molecules. Consequently, it is sufficient to apply non-relativistic 
quantum mechanics to obtain a good account of the structure of the 
polyelectrons in question. 

The most important issue, with regard to stmcture, is stability of the 
system against dissociation, either into free electrons and positrons, or 
into polyelectrons of lower mass. If such dissociation is energetically 
possible, the entity will be expected to break up in a time of the same 
order as the interval required for one orbital revolution; that is, a time 
of the order of second. In this case, the life of the system is so 
limited that, for practical puiposes, the entity may be said never to have 
existed. 

The bi-electron is easily seen to be energetically stable against 
dissociation. Its energy levels are most easily derived by comparison 
with the well knoTMi values for an idealized hydrogen atom with in- 
finitely great nuclear mass. In both cases, the potential energy of the 
system is expressed by the same function: of the distance r, be- 

tween the positive and the negative charge. The kinetic energy, how- 
ever, for the same time rate of change of r, is only half as great in the 
bi-electron as in the hydrogen atom. Consequently, ‘the effective, or 
so-called reduced, mass of the system is cut by a factor two, in the case of 
the electron-positron system. Referring to the expression for the 
energy, of the nth quantmn state of the hydrogen atom, with respect 
to the energy of two charges at an infinite distance from one another, 

= -(m/2)(eV^?ft)2, (1) 

we therefore conclude that the corresponding expression for the 
energy of the bi-electron “ is: 

£„(P+ “) = - (m/4) {e^/7ih)K (2) 

Thus, the entity in its lowest state, n = 1, is stable against dissociation 
by 6.77 ev. 
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The wave function of the two-particle system in its lowest state is 
found by the same procedure of comparison with the hydrogen atom 
to be represented by the expression; 

}{/ = Tr~ii{m^/2h^)‘^exp(—m(?r/2h^), (3) 

a result which will later be of use. 

For the energy of the tri-electron P^*~, no exact calculation is 
possible. A lower limit to the stability of this entity may, however, be 
derived from the well-known variational procedure of Ritz. It is only 
necessary to assume an approximate expression for the wave function 
of the system, and to calculate for this wave fimction the expectation 
value of the energy, in order to have the desired upper limit on the 
algebraic value of the energy of the system in its ground state. We 
follow the treatment of the essentially identical problem of the helium 
atom which has been fdven by Hylleraas^’ and briefly summarized by 
Bethe.‘® 

We write the trial wave frmetion in the form: 

exp(-km^s/2h^)[l + -f- Hkm^t/K^)^], (4) 

whore s represents the sum of the distances of the unlike parotide from 
the two like parotides; t represents the difference between these two dis- 
tances; and u represents the distance between the two like particles. 
We obtain for the expectation value of the energy of the system the 
low value, —0.267036 = —6.96 ev, when we give the constants 

in the wave function the values: 

a = 0.1203 
b = 0.05719 
k = 0.72102. 

In comparison, the onor-gy of the bi-dectron ~, together with one 
additional free particle, is only —0.25 = —6.77 ev. Coirse- 

quently, wc conclude that the three-particle polyelectron is stable by 
at least 0.007036 = 0.1906 ev against dissociation of any kind. 

For the stability of the foirr-par-tide system, pi" + ~ no proof has, 
.so far, been found. One variational calculation was carried out, as- 
suming for wave function the Gaussian expression: 

exp — + rai*)]. (6) 

The corresponding expectation value for the energj', JS, with respect to 
four free par-tides at rest is found to be given by the relation: 

(K‘/me*)E = 3(2a + /3) (from kinetic energy) 
-t-4ir“>^(a -b (from repulsions) 

— 16B-”tJa}'i(a -j- $)ii(Za -H (from oMradions). 

The minimiim value of the right hand side is approximately —0.367. 
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The polyelectron in question is, therefore, stable by at least 0.367 X 
27.09 = 9.93 ev against dissociation into four free particles. 

The energy of one free particle and three particles bound into a tri- 
electron of the tj-pe F+ + ■ is seen, from the results above, to be approxi- 
mately 6.96 ev Mow that of four free particles. Consequently, the 
four-particle entity is stable by an amount at least 3 ev against dissocia- 
tion into a tri-electran. However, the crude vaiiational calculation 
just dcsciibed lacks 3.6 ev of being able to guarantee against division of 
the system P+ + -- into two bi-electrons, the combined energj* of which 
is —2 X 6.77 ev = —13.54 ev. Because the question of the stability 
of the four-particle system has not been settled, we shall limit the sub- 
sequent discussion to the two- and three-particle entities. 

For a general picture of the structure of the lightest electron-positron 
systems, we may supplement the foregoing discussion of energies with 
some discu&sion of spin and spatial extension. In the bi-electron 
the spins of the individual pai-ticles may be either parallel or anti- 
parallel. Consequently, when the system is in its giuund state and has 
no orbital angular momentum, the total spin is either 0 or 1 quantum 
unit, these two possibilities having the relative statistical weights 1 
and 3. In the ground state of the tri-electrons P+ + - and P+ “ the 
wave function is sjunmetrical with respect to the positions of the two 
like particles, and anti-« 3 Tnmetrical with respect to their spins. There- 
fore, the total spin of the system is one half quantum unit. 

The extension of both two- and three-particle polyelectrons is of the 
same order as that of a hydrogen atom, roughly 10^* cm. The two- 
particle system admits of excited states which are also stable against 
dissociation, and for which the spatial spread of the wave function is 
proportional to the square of the quantmn number of the state. 

PROBABILITY OF DECAY BY ANNIHILATION 

The life time of a positron in one of the systems Jf^ ~ or P+ + ~ against 
annihilation by an electron, will be expected to be rou^ly of the same 
order as the life time of a positron in solid matter, or ~10~“ second, for 
the number of electrons per unit volume of space occupied by the 
positron is also roughly of the same order in the two eases. 

A more accurate calculation of the mean h'fe against annihilation 
may be given for the system P+ ~. For this purpose, it is sufficient to 
recall that Dirac^ has shown that an electron at rest presents to a 
positron moving towards it with a velocity, v, low in comparison^ with 
the speed of light, c, a cross-section for the annihilation process given 
by the expression: 
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T{e^Jm(? )%c/v ) . ( 6 ) 

Consequently, the probability per unit time for disappearance of the 
electron is equal to the product of the factor, 

'!r(e^/7n(?)% (7) 

and the probability that a positron lies in a unit volume in the immediate 
neighborhood of the electron. This probability is given for the ground 
state of the bi-electron by the square of the wave function of equation 3, 
evaluated at the point r = 0, and, for excited states of zero orbital 
angular momentum, is smaller by the factor w®. We conclude that the 
probability per second of annihilation is given by the expression: 

(eym(?y^c(me^/2nh^)\ ( 8 ) 

However, this result represents an average over the four possible spin 
states of the two-pai-ticlc system. A closer examination indicates that 
annihilation occurs, in the first approximation, only for the singlet state 
which has zero spin angular momentum. Consequently, for this state, 
the decay constant wdth respect to annihilation is four times the number 
just given. The mean life of the singlet state is, therefore: 

T = {2h/ni){lZ7n)^{h/^f = 1.24 X 10”'^ sec. (9) 

Decay of the throe triplet states is forbidden in the first approximation 
and, in the next approximation, should probably be expected to occur 
at a rate slower than that for the singlet state by a factor of the order 
(velocity of particle velocity of light)^ or of the order of (1/137)^ If 
this expectation is correct, the life of the three triplet states should be 
of the order of lO”® secondvS. 

The existence of higher excited states offem the possibility for various 
decay chains which terminate in annihilation of the bi-electron. About 
these possibilities it need onl}” be said that essentially radiative transi- 
tions alone are possible out of states whose orbital angular momentum 
is different from zero, while, for states with zero orbital angular mo- 
mentum, not only is direct annihilation always possible, but also, out 
of such states with quantum numbei’s = 2 or higher, radiative transi- 
tions are possible, which lead by way of p-states down to the lowest 
s-states, with the highest annihilative decay probabilit 3 \ 

Regardless of whether the bi-electron ” is excited or not, and, if 
excited, regardless of whether the entity'' gives off part of its energy in 
the visual spectinm or not, it ends its life by the emission of two photons 
with energy totaling nearly 2mc- or 1.02 Mev. These photons split 
the energy approximately equally and go off in nearly opposite direc- 
tions. The lack of precise equality and opposition aiises partly from 
the Doppler effect associated with unavoidable thermal agitation, and 
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partly from the natural imcciiainty which is conditioned by the finite 
life of the polyelectron. 

For the three-pai-ticlc entities P+ + - and P + ~~, we must expect 
annihilation governed by the short time scale, of the order of 10“’“ 
seconds, which holds for two-particle polyelectrons in singlet states of 
zero orbital angular momentum. In other words, the spin of one or 
the other of the two like particles will certainlj' be oriented properly to 
annihilate the third par^ticle. 

The probability of two-quantum annihilation is so great, in the case 
of the three-particle polyelectron, that we can neglect beside it the 
chance for single quantum annihilation, a mechanism which was ex- 
cluded, in the case of the entity P+ ”, by the laws of conservation of 
momentum and enei^. The existence of a thii*d particle provides, in 
principle, a means to take up the momentum of recoil, in case a single 
photon comes off. However, the likelihood is small that this third 
particle, at the moment of their annihilation, will be interacting with 
the other two suflicientlj" closely to take up the surplus momentum. 
Consequently, we expect, in the majority of cases, that decay will lead 
from a thi-ee-particle system to a single paiticle, moving in very nearly 
the old direction with very nearly the old velocity, and that it will 
be accompanied by the emission of two approximately equal and opposite 
photons. 


FORMATION OF POLYELECTRONS 

The formation of a polyelectron of the t3q)e P+ ” by the collision of 
two photons is the opposite of the process in which such an entity 
(fisappears by double quantum emission. To calculate the cross-sec- 
tion, (T, for the process of foimation, we therefore combine the principle 
of microscopic reversibility with our knowledge of mean life, T, for the 
process of annihilation. 

We consider a large volume, T’. In this volume, the number of singlet 
polyelectron states with momenta in the ranges rfP*, dPy, dP^ about 
the values P*, P,„ and P, will be: 

YdP^dPydPJhK ( 10 ) 

These states will undergo transitions, via annihilation, at the rate, 

T’^ dPx dPy dPt/h?T per second , (11) 

to states in which there is present a pair of photons and no polyelectron. 
The number of such states in which the momentum of one photon lies 
in the range dp'x dp'y dp',, and the other lies in the range dp"* dp"* 
dp"*, is: 



WHEELER: POLY ELECTRONS 


229 


(27 dp\ d]/, dp\ ¥)(2V dp", dp'\ dp'\/W). (12) 

The number of foimation processes taking place per second will be 
obtained by multiplying this expression with the quantity, 

(rc/7, (13) 

which contains the cross-section, velocity, and density of the photons. 
The piinciple of microscopic reversibility states that, in a given time 
interval, the number of transitions in the one sense equals the number 
of transitions in the other sense. Consequently, we arrive at the 
relation: 

(l/T) = {ic/h^)f<ridpJdpy'dp/dp/'dp,/'dp/'/dP, dP. dP,). (14) 

We introduce new variables of integration through six equations of the 
form: 

Pjs “ ^2^ X H" Px i Pz' = X Px> (15) 

Then the volume element in equation 14 reduces to dpx dp^ dp^. We 
now specialize to the case in which the two photons have momenta 
which arc approximately opposite in direction and which are, therefore, 
also approximately equal to me in magnitude. Then, integration over 
all solid angles, with due allowance for the identical role of the two 
photons, gives for the volume element 2ir(mcydp. If the energy of one 
of the photons is fixed, and the energy of the other varies by the amount 
dEj then the momentum change dp is equal to dE/2c, The principle 
of microscopic reversibility takes the foim: 

l/r = Jff dE. ( 16 ) 

We know, of courae, that the cross-section, (r, possesses a sharp 
resonance, when the energy, E, of the second quantum lies in the neigh- 
borhood of mc^. We can even deduce the detailed dependence of cross- 
section upon energy, by applying the familiar theoiy of resonance, 
according to which the quantity, <r, is represented as a function of E 
by an expression of the foim, 

(T = constant/ (1 + (2dET/hy)j (17) 

where the constant is determinable from equation 16. However, we 
are not piimarily interested in the obviously improbable possibility 
that two gamma rays of just the right energy shall collide head on to 
form a polyelectron of the type ”. Our real purpose, in studying 
the mechanism of fonnation from two photons, is to deduce the cross- 
section for creation of the poly'electron by the more feasible mechanism 
of impact of a single photon upon an atomic nucleus. 

The probability for photoelectric creation of the entity - in the 
field of force of a nucleus can be deduced, in a reasonable approximation 
for quanta of high energy^, from the cross-section for formation from 
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two photons, by means of an expedient due to Williams^® and Weiz- 
sacker.20 We consider the process of creation in a frame of reference 
moving with the velocity which the polyelectron possesses after its 
formation. In this frame of reference, the initial photon travels in one 
direction with an energy close to and the nucleus travels in a nearly 
opposite direction, with a speed close to that of light. An electron 
which is at rest in this frame of refei*encc and which is subject to the 
field of the passing nucleus experiences a field of force very nearly 
equivalent to that in a pulse of radiation. Thus, the election may be 
treated with considerable accuracy as if it wore subject to the action of 
two oppositely directed beams of radiation. Consequently, the un- 
known action of the nucleus can be expressed in teims of the already 
known effect of a second photon. 

We denote the energy of the incident quantum, in the laboratory 
frame of reference, by W. Then, the sum of the rest and kinetic 
energies of the polyelectron in this frame is also equal to W. The ratio 
of this quantity to the rest energy of the polyelectron, deter- 

mines the velocity of the polyelectron and, hence, the speed of the 
moving frame of reference. We suppose that this ratio is large com- 
pared to unity. Then, in this moving frame, the action of a nucleus 
of charge Ze may be described, according to Williams,^® as approxi- 
mately equivalent to that of a beam of photons, of which the number, 
dN, in the energy interval, dJB, is given by the equation: 

dN = (2/ir)iZ^/ld7)(dE/E) hi (W/2E). (18) 

We multiply this number by the cross-section, or, for foimation of a 
polyelectron hy collision of one quantiun of enovgy m(? and another of 
energy E, We integi’ate the product with respect to energy and use 
EQUATION 16 for the integrated cross^ection. We arrive at the result : 
(number of polyelectrons produced per cm.* and per sec.) 

= (number of nuclei per cm.^j . (number of photons per 
cm.®) . (velocity of light). 

(ZV137) {hy2ir^m^<^T) In {W/2mc^), (19) 

where the quantities expressed in words are all understood to be meas- 
ured in the moving frame of reference. 

To transform equation 19 to the laboratoiy frame of reference, we 
note, first of all, that the velocity of light and the number of polyelec- 
trons produced per cm.® and per second are described by the same num- 
bers in both frames of reference. Next, we express the ratio W!2m<? 
in the form, cosh x, and wnite the relativistic equations for transforma- 
tion of density, p, and flux, J, in the direction of the meson in the form: 
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Pmov = Plab cosh % — {J c) Smh X 
(•^mov/ “ Plab X ’4" (jJ lab / COSh X* (^0) 

For the photons, Juh = cpiab* Insertion of this relation in the first 
of the two equations above leads to the result: 

Pmo^ = Plab fiicp (-x) {'photons). 

For the nuclei, J'lab = 0 and, consequently, 

P^tlo^ = p'lab cosh X {nuclei). 

We have assumed that cosh x is large, in comparison with unity. Con- 
sequently, this function can be represented with sulEcient approximation 
in the form, (3^) exp x. Thus, for the product of photonic and nuclear 
density, we have the product: 

Pmo\P niov T H Plab P^ab• (21) 

We insert this result into equation 19, for the rate of production of 
polyelectrons. We conclude that the cross-section for creation of the 
entity, P+ “, in. the field of force of a nucleus of chai-ge, Ze, by a photon 
whose energy, W, is large in comparison with the rest energy, >»c*, of 
an electron, is given approximately by the expression; 

(ZVl37)(AV4v*wVr) In (F/2mc*) 

= (2V(137)%XeV»«c*)* In (22) 

where n is the quantum number of the state in which the polyelectron 
is formed. 

To assess the size of the cross-section for production of a pair of elec- 
trons and positrons which stick together, we may compare it with the 
cross-section, given by Bethe and Heitler,“ for production of a pair 
of any kind by an energetic quantum: 

(28/9)(ZVl37)(eV/rac*)®l?2 . . . (23) 

Here, the dots indicate that the argument of the logarithm does not 
differ enough from the argument of the logarithm in equation 22 to 
make any significant difference in the comparison. We conclude that 
polyelectrons of the type P+ “ are produced, relative to the usual pairs, 
in an abundance ratio approximately equal to: 

(9jr/28) (1/137)» ~ 10-«. (24) 

From the smallness of the cross-section for their foimation by photo- 
electric effect, it appears likely that the simplest entities composed of 
electrons and positrons play a very minor role indeed in the cosmic 
radiation. It is, nevertheless, interesting to learn from pair theory 
that such particles exist and that they are formed by a mechanism 
susceptible, in principle, to laboratory confirmation. 

The smallness of the probability (equation 24) that positron and 
electron will go off bound to each other, may be given a simple inter- 
pretation. In a frame of reference in which their total momentum is 
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zero, the two particles have, on the average, a momentum, one i*elative 
to the other, of the order of rnc. On the other hand, the relative mo- 
menta of the two particles in a system of the type P+ “ is of the order 
me?/ h. Consequently, that fraction of the accessible part of momentum 
space which leads to the desired type of particle is only of the order, 
[{me^/h)/mcf or (1/137)^ in agreement with our calculations. 

For the foimation of an entity of the type P+ “ the most reasonable 
mechanism appeal’s to be the interaction of a photon with an atomic 
electron. The process of the formation of an electron-positron pair 
in the field of an atomic electron has already been analyzed by Wheeler 
and Lamb.^^ For all three particles to remain bound together, after 
the act of formation, the conditions are still more special, however, than 
those encountered in the case of the polyelectron P+ In order for 
their relative momenta to be of the requii’ed order, me^lh, it is necessaiy 
that the energy of the incident photon should lie within a small fraction 
of an electron volt of the critical energy Amc? — 2.04 Mev. Conse- 
quently, we conclude that the systems, probably play an even 

smaller role in the cosmic radiation than those entities, P+ which have 
twice the electronic mass. 

BREAK-UP OF POLYELECTRONS IN PASSING THROUGH 

MATTER 

In studying the decay of polyelectrons, we took account of the possi- 
bility of mutual annihilation of pairs of particles, but we made no allow- 
ance for the destruction of the system via external disturbances. The 
entities, P+ ~ and have, however, an essentially atomic extension. 

In passing through matter, they will, therefore, be susceptible to losing 
and recapturing electrons after the manner of an alpha particle. If the 
system is moving at very high speed through a medium of significant 
density, there will be an ovemhehning probability of its consisting of an 
isolated positron or electron. On the other hand, a positron which is 
undergoing moderation to ener^es small in comparison wdth its rest 
enei’gy will have a continually increasing probability of picking up an 
electron and of forming a system of the type P+ 

In order to discuss quantitatively the comparative importance of the 
annihilation of the polyelectron, P+ ", and its destruction b}^ loss of its 
electron, we shall define for each velocity of the entity a certain charac- 
teristic density of air for which the two mechanisms are estimated to have 
equal probability. If the density is higher, electronic loss is the more 
significant mechanism; if the density is low^er than the characteristic 
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figure, annihilation is the process more likely to occur. In the following 
table of characteristic densities, we have assumed, in the absence of 
better infoimation, that we can use, for the mean free path for loss of an 
electron in air by a polyelectron, the same figures which were obtained 
by Rutherford^^ for loss of an electron by a swift neutral helium atom. 

l\lBLE 1 

Characteristic Densities* 


Speed of the particle in 





cm. /sec. 

Rutherford’s figure for 

1.81xl0‘» 

1.46x10® 

9.0xl0« 

5.6x10* 

mean free path against 
electronic loss in air of 
standard density 

Mean free path of singlet 
" against annihilation 

1.1x10“* cm. 

7.8x10“^ cm. 

5.0x10“^ cm. 

3xl0-‘ cm. 

(product of row 1 by 
mean life of 1.24 x 10"^® 
sec.) 

2.24x10“^ cm. 

1.81x10”^ cm. 

1.12x10-1 cm. 

7.0x10“* cm. 

Characteristic density for 





equal probability of an- 
nihilation and electronic 
loss; density expressed in 
multiples of standard 





density of air 

0.0049 

0.0043 

0.0045 

0.0043 


♦■The charactenstic denbitv for a o-particle polyelection in a tnplet state is probably roughly 
10“^ times as gieat as the iiguies heie list^ 


It is clear, from the figures in table 1 , that the annihilation of polyelec- 
trons of the type P+ ” with velocities in the given range will take place, 
with significant probability, only at a level in the atmosphere where the 
density is loss than its value at sea level by a factor of more than 100. 

Briefly, the great spatial extension of the lightest polyelectrons and 
the consequent ease with which they may be tom apart both furnish 
arguments against their pla;s’ing any appreciable part in normal cosmic 
ray phenomena. 

POSSIBILITY OF TESTING SOME OF THE PRESENT 
PREDICTIONS OF PAIR THEORY 

Quite apart from the possibly questionable direct bearing of poly- 
electrons upon cosmic ray phenomena, it is natui*al to ask if there are 
any expeiimental implications which may be examined in the laborator^^ 
as new tests of the validity of pair theoiy itself. 

One of the most interesting possibilities for a test is suggested by the 
existence of excited energy levels in the polyelectron, Radiative 

transition of the system between these energ}" levels generates an optical 
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spectrum which differs from that of hydrogen, in its major features, only 
through the displacement of all lines to the red by a displacement factor 
of two. To observe any well-defined spectnim of such a character 
would, of course, appear to call, in the first place, for a gaseous emitter. 
In addition, the securing of slow polyelectrons requires that a slow posi- 
tron should be able easUy to detach an electron from an atom of the gas. 
This condition requires that the first ionization potential of the substance 
of the gas should be close to 6.7 volts. Finally, the means of observation 
must be capable of picking up over the background spectral lines which 
have been considerably broadened by the Doppler effect, inevitable in 
systems which have only twice the electronic mass and which are in 
thermal equilibrium near room temperature. 

The difficulties about Doppler effect and choice of substance with 
suitable ionization potential are considerably alleviated by renouncing, 
in the beginning, the study of the particular entity, P+ “, and looking at 
the problem of the test of pair theory in a broader light. The essential 
point is to find an atomic or molecular system which contains a positron 
and which possesses several optically combining energy levels. In look- 
ing for such a system, it is only necessary to remember that the positron 
may be regarded as a superlight isotope of the highly reactive hydrogen 
ion. Consequently, one can look among such compounds as e+Cf" for 
systems which may possess the desired type of energy levels and which 
will be free of objectionable Doppler effect, on account of their substan- 
tial mass. 

The actual experiment would consist in irradiation of a suitable gas 
with slow positrons, the radiative captme of some of these positrons 
into excited states of entities having somewhat the character of mole- 
cules, the transition of these entities to lower levels with the emission of 
characteristic spectral lines lying in, or near, the visible region, the 
observation of this spectrum, and the annihilation of each positron by 
an electron of the corresponding molecule-hke entity. The gamma rays 
given off in this experiment would be of no direct concern to the problem 
at issue. The test of the pair theory would come in the comparison of 
the observed and calcffiated positions of the spectral lines. Obviously, 
the experiment, though interesting, is difficult. 

A second and somewhat simpler experiment would seem to offer a 
means to check on one of the details of the annihilation process itself. 
We have already remarked that by far the dominating type of annihila- 
tion is that in which the positron combines with an electron whose spin 
forms a sin^et state with respect to the spin of the positron. Associated 
with this selection of pairs which have zero relative angular momentum. 
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before the annihilation process, is an analogous polarization phenomenon 
in the two quanta which are left at the end of the process. According to 
the pair theory, if one of these photons is linearly polarized in one plane, 
then the photon which goes off in the opposite direction with equal 
momentum is linearly polarized in the perpendicular plane. 

To test this prediction, the following experimental arrangement sug- 
gests itself: A radioactive source of slow positrons is covered with a foil 
thick enough to guarantee annihilation of all the positrons. A sphere 
of lead centered on this source prevents the escape of any of the annihila- 
tion quanta, except thi*ough a relatively narrow hole diilled through the 
sphere along one of its diameters. When a photon of energy m(? comes 
out of one end of this channel, we expect a photon also of energy mc^ to 
emerge simultaneously from the other end. At each end, a carbon 
scatterer is placed. Photons scattered by one of these blocks through 
approxinaately ninety degrees and into the proper azimuth pass through 
a gamma ray counter. The scatteiing process gives a preference to the 
recording of photons with a selected polarization. A similar arrange- 
ment applies at the other end of the channel. The relative azimuth of 
the two counters may be varied at will. Coincidences between the two 
counters are recorded, (a) w’hen the azimuths of the two countem are 
identical, (b) when the azimuths differ by a right angle. The obsen^ed 
ratio of (b) to (a) is compared with the computed ratio, as a check on the 
theory of the annihilation process. The calculated ratio for the case of 
ideal geometry is 1.080, when the arrangement requires the photons to 
be scattered through 90°. The theoretically most favorable ratio of 
1.100 is obtained when the scatteiing angle is reduced to 74°30'. 

Another possible means of studying this scattering is to use the knock- 
on electrons, instead of the recoil photons. The polarization is, obvi- 
ously, as complete for the particles as for the radiation. In case this 
arrangement is employed, the detecting counters are set to catch elec- 
trons knocked on at an angle of about 30°, with respect to the annihila- 
tion radiation. The efficienc}" of eoimting is increased by this alteration 
in the plan of the experiment. 

Evidently, it is possible, by means of a reasonable expeiimental pro- 
cedure, to obtain information bearing most closely upon the problem of 
the intimate interaction of an electron and a positron. 

SUGGESTIONS FROM POLYELECTRON THEORY FOR THE 
STUDY OF COSMIC RADIATION 

We have already seen that we are unlikely to obtain from cosmic ray 
observations any significant expeiimental information on the properties 
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of the lightest polyelecti’oos. However, we can still ask the converse 
question: What suggestions, however unrcasonable, can the theory of 
polyelectrons biing to the study of cosmic ray mesons? We may be 
permitted to make thi-ee suggestions, in the form of the following trio 
of questions: 

(1) Is there any evidence of a kind of quantization of meson lives 
into two gi’oups related, by analogy, to the two kinds of polyelectron 
of mass 2? 

(2) Are mesons ever found to undergo the partial decay, two elec- 
tronic mass units at a time, which is expected of polyelectrons of high 
mass number (provided that such structures are stable against dis- 
sociation)? 

(3) Are the masses of cosmic ray mesons approximately equal multi- 
ples of the electronic mass? 

Obviousty, the questions just asked could be stated without any 
i-eference at all to the theory of polyelectrons. Obviously, also, much 
more experimental work must be done, before we are even near the 
answers to some of these questions. Still, the now-cleai' theoretical 
evidence for the existence of the polyelectrons certainly adds some extra 
interest to the study of these cosmic ray problems. 

CONCLUSION 

* 

The existence of entities of a new type has been pointed out, and their 
properties have been studied. The domain of application of the 
electron-positron pair theory has, in this way, been extended. In 
particular, a discussion is pi'esented of two experiments possibly suitable 
for further testing the pair theory. Finally, the properties of the poly- 
electrons suggest some pertinent questions about the behavior of the 
already-known cosmic ray mesons. 
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PART ONE 


EXTENDING THE LIGHTING RANGE AND 
INCREASING THE TOTAL HOURS OF 
ILLUMINATION FOR ADULT 
FOXES 

The molting, fur growth, and fur priming cycle in adult silver foxes 
(Vulpes fulva) can be shortened four to six weeks, by artificially increas- 
ing the length of day prior to June 21 and subjecting the animals to normal 
hours of daylight thereafter.^ This fact could be of great economic im- 
portance to fox ranchers : by reducing the cost of food and labor; by al- 
lowing pelting to occur during the relatively slack weeks of late October 
and early November ; and by shipping the skins thus primed to market a 
full month before the bulk of ranch-raised fox pelts arrives. 

In studying various aspects of the problem, a question arose as to 
whether the molting, fur growing, and pelt priming cycle in adult foxes 
could be further shortened. If artificial lighting were started earlier in the 
season, and the hours of daylight made considerably longer than in the 
study previously reported, would not pelt-priming occur even sooner than 
previously indicated? The experiment reported here was conducted pri- 
marily to answer this question. 

MATERIALS AND METHODS 

Fourteen adult silver foxes (6 males, 8 females), whose record of past 
production was substandard, or whose pelts were undesirable, consti- 
tuted the test animals of the experiment. Twenty-three adidt foxes of the 
station breeding herd (6 males, 17 females) were in the control group. 
Animals were confined, two to a pen, in raised, wire-fioored pens, 16 
feet long, 5 feet wide, 4 feet high, and fed one of the standard station 
rations. 

The method used in lighting the pens has been previously described.^ 
Observations were made at irregular intervals, beginning June 29, 1944, 
to determine the rate of shedding and progress of new fur growth. As 
individual primeness approached, observations were made at weekly, and 
finally at even shorter intervals. 

Seven foxes (males 313A, 141E, 143E, 21 IE, 213E, 263E, and female 
224E), were started on the experiment on March 10. Two more females 
(230E and 392E), unmated in 1944, were added on March 16. One vixen 

( 241 ) 
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(673F), mated but non-pregnant, was added on March 25. Two other 
vixens (150C and 1S2B), whose young were destroyed soon after whelp- 
ing, were added on April 10, and the remaining two vixens (182E and 
214E), also mated but non-pregnant, were added on May 3. Foxes added 
after the start of the experiment were subjected to the same daily hours 
of illumination as those started earlier were receiving at that time. 

Lights were first turned on March 10, and all illumination ended at 
8:45 p.m., June 4. Table 1 and figure 1 give the illumination schedule 
followed. Only one incident, a blackout (April 25), interrupted this 
schedule. 


Table 1 

Schedule of Illumination Followed in Providing ARUPTcrAL Light for 
Experimental Adult Foxes 


Dates, inclusive 

Lights on at* 

Lights off at* 

Approximate 
lengthening of day 

March 10 to March 26 

7 : 00 p.m. 

9 : 00 p.m. 

1 hr. 53 min. 

March 27 to April 5 

7: IS 

10:30 

3 hrs. 7 min. 

April 6 to April 15 

April 16 to April 30 

7:30 

7:45 

11:45 

11:45 

4 hrs. 9 min. 

3 hrs. 53 min. 

May 1 to May 5 

8:00 

11:45 

3 hrs. 41 min. 

May 6 to May IS 

8:00 

10:45 

2 hrs. 32 min. 

May 16 to May 20 

8:15 

10:45 

2 hrs. 23 min. 

May 21 to May 30 

8:15 

9:45 

1 hr. 15 min. 

May 31 to June 4 

8:30 

9:45 

1 hr. 8 min. 

June 5 

No lights 


None 


* Eastern War Time. 



^a. MARCH APRIL MAY JUNE JULY AUGUST SEPT. OCT. HOY. DEC. JAh 

Ficnu 1. Length of day of experimental and control foxes, and time of molting and priming 

in each group. 
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Grateful acknowledgment is made to Mr. Oliver P. Pearson of 
Swarthmore College, Swarthmore, Pennsylvania, for preparation of the 
illumination schedule described in Parts I and II, and to Dr. Robert K. 
Enders, also of Swarthmore College, for helpful advice in preparation of 
the manuscript. 


RESULTS 

Shedding of old hair and the growth of new fur, in silver fox adults, 
generally follows a definite pattern, which has previously been described 
in detail.^ Both the control and test foxes followed this pattern in 1944, 
with only slight variations. 

Three illuminated foxes (21 IE, 213E, and 263E), examined on Octo- 
ber 19, were believed to be prime. The two latter animals were pelted on 
October 20. A close examination of each skin, however, following scrap- 
ing, showed them to be approximately one week away from complete 
primeness. Test animal 230E, pelted on October 27, was fully prime at 
that time. On November 3, 224E and 392E were prime, and 5 days later 
(November 8), all other lighted foxes were ready, except 673F, which 
was prime when pelted on November IS. 

Pelt primeness among the control animals was erratic and irregular. 
One vixen (160C), accidentally suffocated on November 13, possessed a 
prime pelt at that time. Of eight control animals examined on November 
17, two were prime. Seven more controls were examined on November 
20, and all were veiy dose to, but none were completdy prime. Of ten 
other controls examined on November 30, six were prime, and the others 
were dose. On December 7, the last day on which observations were made, 
two of four controls examined were prime, and two were very dose. These 
data are shown in table 2. 

On the basis of the data available in tables 2 and 3, it can be stated 
that all but one of the lighted foxes were prime by November 8, and that 
6 out of 14 had reached full primeness prior to November 4. In the 1943 
experiment, the lighted animals primed up, and were ready to pelt, during 
the week of November 7 to 13. A majority of the unlighted foxes were 
prime by November 30, although some were still found unprime when 
examined on December 7. Unlighted foxes of the 1943 experiment were 
not fully prime, and ready for pelting, until the week of December 5 to 11. 

It is quite obvious, from these data, that we failed to speed up fur 
shedding, fur growth, and pdt primeness to a greater extent than in pre- 
vious years. Beginning the lighting schedule on March 10, or on May 1, 
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Table 3 

Pertinent Data on the “Lighted" Foxes (Test Group) 


BASSETT: EFFECTS OF UGHT ON MOLT IN FOXES 


Hours of 
additional 
lightt 


Date, pelt 
appeared 
prime 

Nov. 8 

Nov. 8 
Nov. 8 

Oct 19 
t 

Nov. 3 
t 

Oct 27 
Nov. 3 

Nov. IS 
Nov. 8 

Nov. 8 

Nov. 8 

Nov. 8 

Pelt 

primeness 

Prime 

Needed a week 
Prime 

Not quite 

Prime 

Prime 

Prime 

Prime 

Prime 

s 

& 

» &'ag'Stf&oS' §o 

i 

Q 


Degree of 
silvering* 

W S3 « Ph ra 53 ^ 53 'i* 33 ® 

rtfSpJ 

° “ 

Age, 

years 

to t-4 tH I rH 1 -H o CO Tt* ^ 1 

Date, started 
on experiment 

March 10 

i< 

It 

tt 

a 

u 

tt 

March 16 

(C 

March 25 

April 10 

It 

May 3 

tt 

Sex 

fO•(0■fO■*0■*0 0^*00^0^0^0^0^0^0^ 
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iz; 
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Gradations used in order of silvering were Extra Pale, Pale, Full, Three-Quarters (?4), Dark and Dark 
Excludes 3 % hours lost April 25 , during a blackout. ^ , , , , , 

No further change in pelt primeness could occur once an animal had been killed. 
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made little, if any, difference in the date when final primeness was reached. 
Exposure to longer total hours of daylight than those allowed in 1943 
likewise failed to change the final results. Pelt primeness can he ad- 
vanced approximately four weeks in adult foxes by artificially altering 
the hours of daylight. However, these results can be obtained as satisfac- 
torily by starting the lighting on May 1, limiting to 3j4 hours per day the 
total hours of artificial daylight, and gradually decreasing this amount to 
1 hour per day by June 4 (table 1 ) . 

It may also be noted (table 3) that animals of different ages reacted 
similarly to the lighting stimuli. Yearling foxes, or those that were three, 
four, five, or ten years old all shed their old hair, started the new fur 
growth, and primed up at about the same time. Age, at least after the first 
year, therefore, cannot be a factor in the molting and pelt priming cycle of 
adult foxes. 


SUMMARY AND CONCLUSIONS 

Fourteen adult male and female foxes were subjected to increased total 
hours of daylight during the spring of 1944. Some of the animals, 6 males 
and 1 female, were lighted beginning the evening of March 10. The others 
were added at various times, up to May 3. After June 4, all artificial 
lighting ceased. 

The experimental results verified completely the previous year’s find- 
ings. There was little difference between the illuminated and control ani- 
mals until June 28, when shedding in the test animals was well started, 
and the controls were judged to be at least 10 days behind. Most of the 
lighted foxes were completely shed out on August 4, but the controls did 
not reach this stage until August 26. Although one test fox was fully 
prime on October 19, and another on October 27, most of the animals of 
this group did not reach this stage until November 3 to 8. Primeness in the 
control foxes was irregular, but was reached by a majority of the animals 
on November 30. 

Banning artificial lighting on March 10 did not cause any earlier prim- 
ing, in adult silver foxes, than lighting begun the night of May 3. Exposure 
to longer total hours of daylight than those allowed in 1943 likewise failed 
to change the final results. 

Adult animals of different ages reacted similarly to the lighting stimuli. 

Adult foxes subjected to as little as 66 hours of artificial daylight be- 
tween May 3 and June 4, over and above the normal day length, will prime 
up shortly after November 1, and can be pelted at that time, a month 
earlier dian unlighted adults. 



PART TWO 


EXTENDING THE LIGHTING RANGE AND 
INCREASING THE TOTAL HOURS OF 
ILLUMINATION FOR GROWING 
FOX PUPS 

In experiments reported recently and as described in part one of this 
article, the molting cycle in adtdt silver foxes ( Vulpes fulva) has been sig- 
nificantly shortened, by artificially altering the hours of daylight.^ No in- 
formation is available, however, to indicate how fox pups will react when 
the hours of daylight are artificially altered. Furthermore, the physiology 
of the molting cycle in fox pups differs from that of adults. 

Ranch-raised silver fox pups are whelped in late March, April, or early 
May, and are weaned from seven to ten weeks after birth. Thus, even with 
the earliest whelped pups there is little time for artificially lengthening the 
hours of daylight prior to June 21, when the natural days begin to shorten. 
Since a very high percentage of the fox pelts marketed each year consists 
of the current crop of pup skins, it is important to the fox rancher to 
know whether these pelts can be “primed up,” or made ready for market 
earlier than usual, and, if so, how this earlier priming can be accomplished. 
The experiment reported here was conducted primarily to furnish this 
information. 


MATERIALS AND METHODS 

Fourteen fox pups (7 males, 7 females) from the first four litters, 
whelped on March 22, 23, 23, and 25, 1944, respectively, constituted the 
test ani mals of this experiment. Animals kept over as breeding herd re- 
placements, whelped between March 27 and April 20, 1944, served as 
controls. Both test and control pups were weighed on the 49th and 50th 
days of age, placed two to a pen, and fed one of the standard rations until 
pelting. All test animals were started on the lighting the same day. They 
were weighed on May 11 and 12, when pups of the first litter were 50 and 
51 days old, and those from litter No. 4 were 47 and 48 days of age. 
All pups were housed, two to a pen, in raised, wire-floored pens, 16 feet 
long, 5 feet wide, and 4 feet high. 

Each of the seven pens was lighted by a 150-watt projector bulb, out- 
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door type, with built-in reflector. Lamps were adjusted, so that the light 
would illuminate the entire pen. An electric clock was set to the time de- 
sired for turning the current on or off. 

Because of their natural timidity, it was necessary to shut out the fox 
pups for the first week of experimentation, so that they would be in the 
pens when the lights were on. 

Observations were made at irregular intervals, beginning June 29, to 
determine the progress of shedding the puppy fur and the rate of new hair 
growth. As the season advanced, observations were made at weekly and, 
finally, even shorter intervals. 

Lights were first turned on May 12, at 8: IS p.m,, Eastern War Time, 
and all illumination ended on June 29, at 10:15 p.m. Table 4 and figure 
2 give the illumination schedule followed. 


Table 4 

Schedule of Illumination Followed in Providing ARTiFiaAL Light for 
Experimental Fox Pups 


Dates (inclusive) 

Lights on at* 

Lights off at* 

Approximate 
lengthening of day 

May 12 to May 25 
May 26 to June 4 
June 5 to June 14 
June 15 to June 29 
June 30 

8 : 15 p.m. 

8 : 30 p.nL 

8 : 30 p.m. 

8 : 45 p.m. 

12 : 00 midnight 

12 : 00 midnight 

12 ; 00 midnight 
10: 15 p.m. 

No lights 

4 hrs. 38 mins. 

4 hrs. 23 mins. 

4 hrs. 15 mins. 

2 hrs. 25 mins. 


* Eastern War Time. 



Figuxb 2. Length of day of experimental and control pups, and time of molting and priming 

in each group. 
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For assistance in the preparation of this schedule and the manuscript, 
acknowledgment is again made to Mr. Oliver P. Pearson and Dr. Robert 
K. Enders, respectively. 

TYPES OF HAIR IN THE SILVER FOX 

An examination of the silver fox pelt reveals a double set of protective 
hairs. One set consists of long, glossy, strong, elastic fibers, that are re- 
ferred to as guard hairs. They vary in color from jet black to a silvery 
white, and include many shades of slate and, when primeness is past, many 
shades of brown. The silvering that adds so much beauty and value to the 
silver fox skin is due to the silver band, of varying length, appearing on 
many of these guard hairs. Sometimes a high percentage of the guard 
hairs on the body, neck, and face of the pelt are a silvery white color, or 
the silver band of the guard hair is very long and of a clear metallic 
brightness. Such pelts are the light, flashy silvers greatly desired by the fur 
trade, and are described as Extra Extra Pale, Extra Pale, Pale, or Full Sil- 
ver Fox Skins. If most of the guard hairs are dark in color, or if the silver 
band occupies a relatively short portion of the entire hair shaft, the ani- 
mal is classified as a Dark Full Silver, Three-Quarters, Half, Quarter, or 
Black, depending upon the amount of silvering present. The function of 
the guard hair is primarily one of protecting the underfur from moisture 
and injury. 

The second set of protective hairs, known as underfur, is very soft, 
somewhat curly, dull in appearance, and varies from dark slate to whitish 
slate in color. In the aggregate, these fur fibers are referred to as under- 
fur, and function primarily as insulation against excessive heat or cold. 

There is a third group of hairs which, to the naked eye, seem to be 
guard hairs, and which are termed intermediary hairs. They are unde- 
veloped guard hairs, and are classified as such. 

SHEDDING AND HAIR GROWTH IN THE SILVER 

FOX PUP 

When whelped, the silver fox pup has a fine, thin coat of slate-colored 
fur, covering the entire body. This fur is flat and very short, but within 
a week becomes fluffy and woolly in texture. At weaning age, the hairs 
average from three-quarters of an inch to one inch in length, and resemble 
the hair of a young collie of about the same age in fluffiness or wooUiness 
(plate 1A). Many times, the face of a young fox is well sprinkled vrith 
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silver hairs prior to weaning, a fact that is of value in determining, at an 
early age, those animals giving evidence of superior silvering. 

In late May and early June, guard hair growth in the pup becomes 
noticeable, and by the end of the latter month often reaches the stage when 
silvering is quite pronounced. The pup is still woolly and fluffy in appear- 
ance, however, and puppy fur is much in evidence. 

Early in July, the pup assumes a dusty appearance, particularly when 
seen in direct sunlight. This dusty appearance continues until about mid- 
September. During this time, the growing fox is shedding puppy fur, 
and the fine particles of skin debris, dandruff, and loose hair that are con- 
stantly sloughed off, are responsible for the dustiness observed. Thus, 
shedding in the fox pup is very difficult to detect, if dustiness is disre- 
garded, for an exceedingly small amount of hair is shed each day. An ob- 
server running his hand firmly down the side of a pup, at this time in the 
shedding cycle, would need to make several strokes in order to accumu- 
late enough loose hair to be discernible (plate IB). Whereas the adult 
fox sheds its fur in patches or bunches, the growing pup, like the house 
cat, sheds the hairs individually. 

After mid-September, the young fox follows the same fur growth 
cycle that has previously been described for adults.^ Primeness is reached 
from one to three weeks later than in adults. 

RESULTS 

Three observations were made, during the summer, to detect differ- 
ences in fur shedding and hair growth between the control and test foxes. 
These observations, made on June 28, August 4, and August 26, indicated 
little difference, except that the test pups were larger and rangier. Three 
pups of this group had completed shedding of their puppy fur by August 
4. All the others, however, had the typical dusty appearance previously 
described. Observations on August 26 indicated no noticeable differences 
other than those previously noted. 

By September 1, however, underfur development in the lighted pups had 
started. They began to fluff up and fur out, lost their greyhound appear- 
ance, and were definitely entering the later stages of fur growth. The 
controls had changed little. 

The test foxes appeared to be completely furred out by October 4. They 
were QxiSy, deep-bodied animals, and the pelts, on casual examination, 
appeared to be ready to take. However, seven of the animals, examined 
more dosely, showed a bluish-colored skin on the neck, shoulders, and 
rump, which indicated that primeness was still some weeks away. 
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The unlighted foxes were lanky in appearance, thin in body depth, and 
very similar to greyhounds in body conformation. It was quite evident 
that little, if any, underfur growth had taken place, and the guard hair 
growth was much shorter than that of the lighted animals. 

Beginning October 18, frequent observations were made, to determine 
just when primeness would be reached (table 5) . One of the foxes (2F) 


Tables 

Observations on Lighted Foxes 


Fox Date 
No. whelped 

Degree 
of silvering 

10/18 

10/24 

Date of observations* 
ll/l 11/10 11/15 

11/20 

11/25 

2F 

3/22 

Extra Pale Full 


. 

4 

1 

1 



13F 

3/23 

Extra Pale Full 

— 



6 

4 

2 

1 

... 

15F 

3/23 

Extra Pale Full 



.... 

5 

2 

2 

1 

.... 

4F 

3/22 

Pale Full 




4 

2 

1 



... 

lOF 

3/23 

Pale Full 



— 

6 

2 

2 

2 

1 

IIF 

3/23 

Pale Full 

— 



6 

3 

2 

2 

1 

12F 

3/23 

Pale Full 

— 



6 

4 

2 

2 

1 

20F 

3/23 

Pale Full 



6 

s 

4 

3 

2 

1 

22F 

3/23 

Pale Full 

6 

3 

3 

3 

1 


... 

23F 

3/23 

Pale Full 

— 

... 

s 

4 

4 

2 

1 

30F 

3/25 

Pale Full 


6 

s 

3 

2 

1 

.. 

21F 

3/23 

Full 


6 

s 

4 

4 

2 

2 

33F 

3/25 

Three-Quarter 

— 


5 

4 

4 

3 

1 

31F 

3/25 

Dark Half 

4 

4 

4 

4 

2 

2 

1 


* See TABLE 6 for information on degree of primeness represented by numbers. 


was prime on November 10, two others (4F and 22F) on November IS, 
and all but one had completed primeness by November 25. Four test males, 
all completely prime, were pelted on November 25 (31F) and November 
29(11F, 21F,and23F). 

Ten control foxes were examined on November 20, and three (60F, 
61F, and 120F) were found to be prime (table 6). Other examinations, 
conducted on November 30 and December 7, indicated that only four 
controls out of the 33 examined were prime. Nine other pups of the same 
group were prime when pelted on December 13 and 14. Foxes 7SF and 
230F, it was estimated, would not be prime until December 17 to 20, while 
four others (41F, 9SF, 380F, and 42SF) would require even longer. 

The data thus show that 6 out of 14 lighted pups were fully prime be- 
tween November 15 and 20. The remaining eight were ready for pelting 
between November 20 and 25. These latter dates can be assumed to repre- 
sent the latest priming dates of the lighted pups. 

One-fourth of the control foxes were prime on, or prior to, December 
7. An additional 50 per cent were prime by December 14, and the remain- 
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ing foxes were ready for pelting somewhat later. December 10 to 14 
could thus be considered as fairly representing the priming date for an 
average control pup. 

As previously indicated under “Materials and Methods/' the test foxes 
were whelped on March 22, 23 and 25, 1944, respectively. Whelping dates 
for the control pups were later, ranging from March 27 to April 20. The 
age of a fox may not be as important in determining when primeness will 
be reached as other factors. For example, foxes 41F, 75F, 380F, and 
425F, whelped on March 27, 27, April 13 and 18, respectively, were 2 to 3 
weeks away from complete primeness on December 7 (table 6). Foxes 
SIF, 53F, 220F, 412F, and 451F, whelped on March 27, 27, April 4, 16, 
and 20, respectively, however, were either prime, or exceedingly close to 
primeness, on December 7. All of these control foxes had been handled 
in similar manner. We do not as yet know why such differences occur. 
This phase of fur primeness is receiving further attention. 


SUMMARY 

Fourteen silver fox pups (7 males, 7 females), from the first four 
litters whelped at the station in 1944, were subjected to increased length 
of day from May 12 at 8:15 p.m. to June 15, after which the hours of 
daily illumination were decreased. Thirty-four pups kept over as breed- 
ing herd replacements served as control animals. 

Early observations indicated little difference in fur growth between 
animals of the two experimental groups. By September 1, however, under- 
fur development in the lighted foxes had started. They began to fluff up 
and fur out, lost their greyhound appearance, and definitely entered the 
later stages of fur growth which have previously been described, in detail, 
for adults. This speed-up could not be matched by the non-illuminated 
foxes. 

The lighted foxes were ready for pelting between November 20 and 25. 
The non-illuminated foxes had not reached this stage until December 10 
to 14. 
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HISTORY OF THE FOLIC ACID FACTORS 

By W. H. Peterson 

Department of Biochemistry, University of Wiscondn, Madison, Wiscondn 

The discovery of the several compounds called collectively, for want 
of a suitable chemical name, “folic acid,” is the result of many lines 
of work. One central purpose has actuated all of these efforts, namely, 
the determination of the nutritional requirements of animals and 
bacteria. The investigations in widely separated fields have con- 
verged, until they have met in the isolation, characterization, and 
finally the synthesis, of the vitamin. Although I am not a bacteriol- 
ogist by profession, it gives me particular pleasure to note the out- 
standing contribution that has come from the use of bacteria in tliis 
successful effort. The bacteriologists are perhaps the oldest experi- 
mental nutritionists. For them, it has been a practical day-by-day 
problem, from the time when they began to carry pure cultures. They 
early realized the importance of extracts of beef, blood, milk, yeast, 
and other biological materials, though generally without attempting 
to learn the nature of the constituents that were responsible for the 
good effects of these biological materials. It has long been my belief 
that, if vitamin research had from the be^nning been conducted simul- 
taneously with animals and with bacteria, we would have attained 
our present knowledge of \’itamins a decade or more earlier. 

The multiplicity of names applied to preparations possessing folic 
acid potency came about because of independent and imconnected in- 
vestigations dealing with deficiencies encountered in studying the 
nutrition of animals and bacteria. Names that preceded “folic acid” 
are “vitamin M,” applied to a factor needed for the monkey, by Day, 
Langston, and Darby^; “factor U”, by Stokstad and Manning,® “fac- 
tors E, and S,” by Schumacher, Heuser, and Norris,® and “vitamin 
Be,” by Hogan and Parrott,* all used to designate substances required 
by the chick; and “norite eluate factor,” required by Lactobacillus 
casei, by Snell and Peterson.®’ ® In 1941, the term “folic acid” was 
applied by Mitchell, Snell, and Williams’ to a factor required by 
Streptococcus lactis R (later shown to be a strain of Streptococcus 
jaecalis), but also potent for L. casei. Later, the same authors* lim- 
ited the name to the factor required by 5. lactis R. Parenthetically, 
it may be of some slight interest to explain that the letter, R, used for 
many years to designate this strain in the laboratories of the XJniver* 

(267) 
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sity of Wisconsin, was chosen because the culture was originally ob- 
tained from Dr. Lore A. Rogers, Bureau of Dairy Industry, U.S. De- 
partment of Agriculture, Washington. For a score of years, this 
microorganism remained in the literature in comparative obscurity, 
when it was suddenly brought into prominence because of its use as 
a test agent for members of the folic acid group. Following the in- 
troduction of the name, folic acid, other terms such as “vitamins Bm 
and Bii” for the chick (Briggs, Luckey, Elvehjem, and Hart®), “guinea 
pig factor 1” (Woolley and Sprince“), “L. cased factor,” potent espe- 
cially for L. casei (Hutchings, Stokstad, Bohonos, and Slobodkin^^) , 
and “factor SLR” for S. lactis R (Keresztesy, Rickes, and Stokes^®), 
have all been applied to substances having folic acid potency. This 
list is not complete, for there have been many other papers, both in 
this country’ and in England, that have dealt with deficient rations and 
deficient bacteriological media that can be improved by the addition 
of folic acid. 

If one were to point to lines of work that have been outstanding in 
the detection and isolation of the elusive and many-sided vitamin, it 
would be to investigations involving the chick and bacteria. I well 
remember that, in the early thirties, the use of the chick as a test 
animal was looked upon with misgivings by many investigators in the 
field of nutrition. Even fewer workers in the animal field accepted 
bacteria as an aid to \*itamin study. That is all changed today, for, 
in the unraveling of the B-complex, microbiology has played just as 
important a part as animal work. According to my score card, 4 of 
the 10 vitamins in the B-complex should be credited to microbiology, 
4 to animal work, and two, one of which is folic acid, should be as- 
signed to both fields. This interpretation does not imply that work- 
ers in microbiology and animal research are antagonists. They should 
be, and usually are, friendly though keen rivals, 

I presume that I have followed that digression far enough, and will 
return to the story of folic acid. In 1941, it appeared to the men work- 
ing on chick vitamins and bacterial growth-factors in our laboratory 
that we were probably dealing with the same factor. At that time, we 
had succeeded in concentrating the bacterial factor from solubilized 
liver about 200-fold, and when this preparation was fed to chicks it 
was found to have the same comparative potency for the chick as 
for L. casei. Likewise, loss of potency on storage was parallel for both 
bacteria and chick. A letter” to the Editor of the Journal of Bio- 
lo^eal Chemistry on the parallelism between the chick and bacterial 
factors, and later a more extensive paper” on the concentration and 
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properties of the factor, established a bridge between the two fields of 
investigation which has continued not only in our laboratory, but also 
in pharmaceutical laboratories where the several forms of the vitamins 
have been isolated. For several years, the method described in that 
paper for the concentration of the factor was the only one in print and 
was used by a number of laboratories. In 1944, Mitchell, Snell, and 
Williams^® published a detailed procedure for concentrating folic acid 
from spinach to a very high degree: 137,000 times that in the liver 
product (B) which they used as a standard. Rather anomalously, 
the work which gave rise to the name of folio acid did not yield a 
crystalline compound. In the preceding year, crystalline forms of the 
vitamin had been reported by Pfiffner et Keresztesy et and 
by Stokstad.” Also in 1944, a fourth report (Hutchinp et aZ.^‘) was 
published, stating that a crystalline compound had been obtained. 
None of these reports gave information as to how the crystalline com- 
pounds were obtained, and some did not reveal the source material 
from which the compound was isolated. Happily, the curtain which 
for so long has hidden many aspects of this work is to be lifted here. 

The detection and isolation of folic acid have been complicated by the 
many forms this vitamin can assume. To date, as I have already in- 
dicated, four different crystalline compounds have been obtained from 
liver, yeast, and other natural sources. These have been desipated as 
“vitamin Be,” “Factor SLR,” and “L. casei factor.” Three forms of 
the L. casei factor have been obtained from liver, yeast, and a ferment- 
ed medium, respectively. The compound from liver appears to be 
identical with vitamin Bo. A fifth compound that appears to be an 
entity is the conjugated form of vitamin Bc.“ These several com- 
pounds have different chemical and biological properties, which largely 
explains the confusion that has attended the identification of the vita- 
min. In recent months, a good deal of this confusion has been cleared 
up by treating the several compounds with enzymes and testing the 
products thus obtained, simultaneously by means of bacteria, the 
chick, and the monkey. The unity that is emerging in the picture 
should be still more apparent now that the chemistry of the L. casei 
factor is known. Announcement of the chemistry of this factor is the 
most important purpose of this conference It is to be hoped that, 
as a result, a suitable chemical name can be given to the vitamin. 

In closing, I wish to say a word of appreciation to the committee 
which arranged this conference, and to Dr. SubbaRow in particular, for 
inviting me to participate. I consider myself merely the representative 
of many colleagues and assistants who have all contributed to the work 
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at our institution. We take particular pride in the fact that some of 
the students who started their work in our laboratories have carried 
the research to other places and have had such a conspicuous part 
its development. I would like to name two, especially: Esmond 
Snell, who continued the work so successfully at the University of 
Texas, but who is now back with us as a permanent member of the 
faculty; and Brian L. Hutchings, who w'ent to the Lederle Laboratories 
in 1941 and who, because of his notable work there, has contributed 
to this publication. 
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ISOLATION OF THE LIVER L. CASEI FACTOR 


By E. L. R. Stokstad, Bbiax L. Hutchings, and Y. SubbaRow 
Lederle Laboratories, Inc., Pearl River, New York 

In the isolation of the liver LactobacUliis casei factor from liver, 
four essential steps were used. These were: adsorption and elution, 
esterification and eirtraction of the methyl ester with immiscible sol- 
vents, chromatographic adsorption of the ester, and fractional precipi- 
tation of the ester from water and methanol. The activity of the vari- 
ous fractions was followed by microbiological assay, using L. casei. 
The assay results were expressed in terms of an arbitrary unit which is 
the amount required per 10 ml. of medium for three-fourths maximum 
growth. The pure liver L. casei factor was found to have an activity 
of approximately 1,000,000 units per mg. 

The starting material for this isolation was a dried 86% ethanol pre- 
cipitate of an aqueous extract of liver. This preparation, which will 
be referred to in the discussion as liver extract, contained 20,000 units 
of activity per gram. This liver extract was first dissolved in water, 
brought to pH 8.5, heated to 80° C., and CaCU was added to flocculate 
the precipitate which formed. The L. casei factor was adsorbed from 
this filtrate by treatment with norite at pH 3.0. This adsorbate was 
washed first with neutral 60 per cent ethanol to remove inert mate- 
rials, and then with 0.5 N NH4OH in 60 per cent ethanol at 70° C. to 
remove the activity. This eluate contained 7,000 units per gram equiv- 
alent of ori^al liver extract. 

The eluate was concentrated to 1 liter per Kg. of original material 
and adjusted to pH 3.5. A large amount of inert material precipitated 
out, but approximately half of the activity was carried down with it. 
The pH 3.5 filtrate contained 3,500 imits per gram of original liver 
extract. This filtrate was adsorbed at pH 1.3 on superfiltrol by per- 
colation through a column of the granular adsorbent. Elution was ef- 
fected by percolation with 0.5 N NH4OH in 60 per cent ethanol. 
After elution, the adsorbent was washed with dilute acid, and re-used 
for another adsorption and elution. When an adsorbent is used only 
once, a certain amount of activity is adsorbed which cannot be eluted. 
In subsequent adsorptions and elutions, this loss does not occur. After 
6 adsorptions and elutions, no decrease in efficiency of the adsorbent 
was observed, and almost complete recovery of activity was obtained. 

( 261 ) 
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The superfiltrol eluate contained 3,500 units per gram equivalent of 
liver extract and 340 units per mg. of solids. This represents a 17-fold 
increase in activity and a 17 per cent recovery. 

The superfiltrol eluate was concentrated and neutralized to pH 7.0. 
The L. casei factor was then precipitated as the barium salt by adding 
ethanol to a concentration of 90 per cent and adding an excess of BaCU. 
Though little or no increase in activity was achieved by this step, it 
converted the material into a form which could be dried, finely ground, 
and then esterified. It should be noted that, while the L. casei factor 
can be precipitated by heavy metals such as lead, silver, and by basic 
precipitants such as phosphotungstie acid, no large increases in activity 
could be effected at this stage by the use of these reagents. 

The next step consisted in esterification and extraction of the methyl 
ester with n-butanol. Esterification was carried out by dissolving the 
barium salt in 0.2 N HCl methanol. The reaction proceeded rapidly, 
coming to completion in 1 hour at 25° C. The ester was approximately 
10 per cent as active, microbiologically, as the tree acid. Activity as- 
says were preceded by 10 minutes saponification with 0.1 N NaOH at 
100° C. The esterified mixture was neutralized and evaporated to 
dryness, redissolved in water, and adjusted to pH 6 to 7. It was then 
extracted 3 times with 2 volumes of ri-butanol. Each butanol extract 
was washed successively with the same portion of a half-volume of 
water. The distribution coefficient of the L. casei factor methyl ester 
for butanol to water is 3 to 1. The final butanol extract contained 

2.000 units per gram equivalent of liver and 3,450 units per mg. of 
solids. 

While chromatographic adsorption of the free acid from aqueous 
solution proved ineffective, chromatographic adsorption of the ester in 
organic solvents was highly efficient. Superfiltrol proved the best ad- 
sorbent; Brockman's alumina and CaCO<. were much less effective. 
The L. casei factor methyl ester could be adsorbed from butanol, 
methanol, acetone, and water. The only efficient eluant was aqueous 
acetone. Mixtures of various alcohols and aqueous alcohol solutions 
were ineffective. By eluting first with 92.5 per cent acetone, it was 
possible to remove considerable impurities without losing much activity. 
Elution with 75 per cent acetone rapidly removed the active material. 
The 75 per cent acetone eluate was divided into several fractions. The 
first of these contained 1,200 units per gram equivalent of liver and 

47.000 units per mg. of solids. 

The next increase in activity was achieved by fractional precipita- 
tion of the ester from water and methanol. The 76 per cent acetone 
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eluate was evaporated until most of the acetone had been removed. 
On cooling the resulting aqueoiis solution, most of the activity precipi- 
tated out. This contained 1,000 units per gram of original liver and 
370,000 units per mg. of solids. This “water precipitate” was ex- 
tracted with a small amount of cold methanol, 1 ml. of methanol being 
used per Kg. of original liver. This removed most of the dark brown 
pigment. The L. casei factor methyl ester could be dissolved by ex- 
traction with a larger amount of hot methanol (4 ml. per Kg. original 
liver). This hot methanol extract was almost colorless and highly 
active; it contained 780 units per gram of original liver and 950,000 
units per mg of solids. This represents almost pure material. 

On cooling the hot methanol extract, the methyl ester separated out 
in nearly pure form as a gelatinous precipitate. Reprecipitation of 
this methanol yielded a preparation whose activity could not be in- 
creased by further purification. 

Two preparations of this were analyzed as follows: 



I c 

H 

N 

Sample 1 

53 0 

4 6 

21 2 

Sample 2 

63 1 

5 1 

20 5 


The activity of the pure ester (after saponification) was 1,000,000 units 
per mg. 

The free acid was prepared by saponifying a nearly pure prepara- 
tion of the ester with 0.1 N NaOH at 25° C., and treating the alkaline 
solution with a small quantity of activated charcoal. On acidification 
to pH 3.0, the free acid precipitated out. It was crystallized by dis- 
solving in hot water and allowing to cool. 

The extinction coefficients of the free acid in 0.1 N NaOH were as 
follows: 


mu { 



E 


1 cm. 

256 

566 

283 

550 

365 

195 




ISOLATION OF THE FERMENTATION 
L. CASEI FACTOR 


By Bbian L. Hutchings, E. L. R. Stokstad, Nbstob Bohonos, Nathan 
Sloane, and Y. SubbaRow 

Lederle Laboratories, Ine, Pearl River, New York 

The source material for the isolation of the fermentation Lactobacil- 
lits casei factor was a filtrate obtained from an aerobic fermentation of 
an unidentified bacterium of the genus Corynebacterium. The liquor 
contained from 3 to 5 micrograms of the active compound per ml. 

The activity of the compound was followed by microbiological assay 
with Lactobacillus casei, according to established methods. 

The crystalline compound was obtained by the following procedure. 

After removal of the bacterial cells, the solution was adjusted to pH 
3.0, and 6 grams of Norite A were added per liter of filtrate. After 30 
minutes adsorption, the charcoal was filtered off and washed well with 
water. The charcoal was eluted with 50 per cent ethanol (6 liters per 
Kg. of charcoal) . This eluate was discarded. The charcoal was then 
eluted with 50 per cent ethanol and 10 per cent ammonium hydroxide 
(by volume) at 70° C. for 1 hour (12 liters per Kg. of charcoal) , The 
elution was repeated once. The eluates were combined. The recov- 
ery approximated 65 per cent. 

The ammonia-ethanol eluates were adjusted to pH 8.0, with concen- 
trated hydrochloric acid and ethanol added to a concentration of 85 
per cent. A saturated aqueous solution of barium chloride was added 
until complete precipitation occurred, meanwhile maintaining the pH 
at 8.0. After cooling to 0°-5° C., the precipitate was centrifuged out 
and washed with methanol. The active compound was completely 
precipitated by this procedure. 

The barium precipitates were suspended in 0 25 N methanol-hydro- 
gen chloride (l/15th the volume of the original filtrate) and esterified 
at room temperatmre. At the end of 24 hours, the esterification mix- 
ture was adjusted to pH 4.5 by cautious addition of 5 N sodium hy- 
droxide, and then concentrated to dryness imder reduced pressure. 
The residue was suspended in a volume of water equivalent to a con- 
centration of 15 micrograms per ml. of the active compound. The 
water insolubles were centrifuged out and discarded. 

The aqueous solution was extracted 3 times with 2 volumes of bu- 
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tanol. Each butanol extract was in turn extracted with Vz volume of 
water. The combined butanol extracts were concentrated to % of 
their volume and extracted with % volume of water. This water 
wash was extracted with 2 volumes of butanol. The butanol extracts 
were combined and concentrated to dryness under reduced pressure. 
The esterification and butanol extraction gave a 3 deld of 60-90 per 
cent. 

The residue after removal of the butanol was dissolved in the mini- 
mum amount of hot methanol. After thorough chillmg to —5° C., the 
precipitated ester was collected. The precipitate was extracted 2 times 
(total volume was ^ the volume of methanol necessary to dissolve the 
residue after removal of the butanol) with 0.1 N methanol-hydrogen 
chloride. The extracts were diluted with 2 volumes of methanol, and 
2 moles of sodium acetate were added per mole of hydrogen chloride. 
The solution was heated to 60° C., centrifuged, and the supernatant 
chilled at —10° C. for 24 hours. The precipitate which formed was 
centrifuged, then dissolved in hot methanol, and sodium chloride was 
added to a concentration of 0.05 N. The solution was centrifuged at 
60° C., and the insoluble fraction discarded. The supernatant was 
cooled at —10° C. for 24 hours, and then centrifuged at 2° C. The 
precipitated ester was obtained in yields of around 65 per cent. 

The ester was washed free of methanol, suspended in water, and 0.1 
N barium hydroxide was added until the solution was faintly alkaline 
to phenolphthalein. The hydrolysis of the ester was extremely rapid. 
The hydrolysate was centrifuged and the supernatant treated with 
florisil (1 gram per 100 mgs. of active compound) for Yz hour, to re- 
move extraneous pigments. The florisil was filtered off and washed 
with dilute barium hydroxide. The filtrate and washinp were com- 
bined. The yield was 85-90 per cent. 

One-tenth of a volume of 1.0 N barium chloride was added, the solu- 
tion was cooled to 0°-5° C., and ethanol was added to a concentration 
of 50 pei' cent. The solution was chilled overnight in the refrigerator, 
then centrifuged, and the precipitate washed with alcohol and ether, 
and dried. All of the active compound was found in the precipitate. 

The barium precipitate was extracted with hot water. The result- 
ing extracts were combined, and 1 N hydrochloric acid was added to 
pH 2.8. The solution was cooled to 0°-5° C., and the precipitate 
collected. The precipitate was dissolved in hot water previously ad- 
justed to pH 2.8 and containing a small amount of calcium or sodium 
chloride. On cooling, the acid precipitated as very short needles or 
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long threads. The compound could be repeatedly crystallized in this 
manner. 

The analyses of the compound were: 


Sample No. 

: C 

H 

N 

1 

48 6 

4 8 

16 2 

2 

48 0 

4 4 

15 5 

3 

1 

47 7 

4 7 

15 5 


To date, difficulty has been experienced in obtaining consistent anal- 
yses. 

The fermentation Lactobacillus casei factor exhibits the same ab- 
sorption characteristics as the liver L. casd factor.^ The extinction co- 
efficients are somewhat lower, indicating that the fermentation L. casei 
factor is a higher molecular weight compound. The extinction co- 
efficient at 365 in/i in O.l N sodium hydroxide is 134. 

The compound can he re-esterified, using 0.1 N methanol-hydrogen 
chloride. The ester can be crystallized as short needles or long threads 
from methanol 0 05 N with sodium chloride. 

The fermentation compound has the same biological activity for ani- 
mals as does tlie liver L. casei factor, with the proviso that increased 
amounts are necessary to compensate for the higher molecular weight. 

The fermentation L. casd factor is distinguished from the liver L. 
casd factor by its relative activity for Lactobacillus casd and Strep- 
tococcus faecalis R. The fermentation compound is 60-80 per cent as 
active as the liver compound for L. casd, but only 6 per cent as active 
for )S. faecalis R. The amounts required per ml. for half-maximum 
growth of L. casd and S. faecalis R., respectively, are 0.000061 micro- 
grams and 0.0042 micrograms. 

The analyses and biological activity serve to distinguish this com- 
pound from any of the compounds previously reported as influencing 
the growth of L. casei or S. faecalis R under conditions of the test. 

SUMMARY 

An isolation procedure for the fermentation L. casd factor is out- 
lined. The analyses and biological activity distinguish the fermenta- 
tion L. casd factor from any similar compound previously reported. 

* Stokstad, a. li. B., a B, a. Bntolilng'i. Ann. N. T. Acad. ScL 4S(5) : 261. 1946. 




DEGRADATION OF THE FERMENTATION 
L. CASEI FACTOR 


I 

By E. L. R. Stokstad, Brian L. Hutchings, John H. Motv^at, James 
H. Boothe, Coy W. Waller, Robert B. Angier, 

Joseph Semb, and Y. SubbaRow 

Lederle Laboratories, Inc, Pearl River, New York 

In experiments on the degradation of the Lactobacillus casei factors, 
it was observed that hydrolysis with acid or alkali led to the formation 
of a diazotizable aromatic amine which could be estimated by the 
method of Bratton and Marshall.^ The liberation of the amine was 
most rapid in alkaline solutions, and it was soon found that oxygen 
had a marked effect on the course of the reaction. 

When the fermentation L. casei factor was heated with 1.0 N NaOH 
at 100® C, in the presence of oxygen, there was a marked change in ab- 
sorption spectra, an aromatic amine was formed, a fluorescent pigment 
was produced, and rapid biological inactivation occurred. However, 
when this fermentation compound was hydrolyzed anaerobically for 
10 hours at 120® C., no aromatic amine or fluorescent pigment was 
produced, and no change in absorption spectrum took place. The ac- 
tivity for L, casei was only slightly decreased during anaerobic hy- 
drolysis, while the activity for S. faecalis R was greatly increased. At 
the same time, 25 per cent of the nitrogen appeared as alpha amino acid 
nitrogen. This alpha amino acid nitrogen had been cleaved from the 
rest of the molecule, because it could be separated from the biologically 
active fragment. This alpha amino acid nitrogen was probably present 
as a dicarboxylic alpha amino acid, because it could be precipitated by 
Ba(OH )2 and 75 per cent ethanol. 

Anaerobic hydrolysis with 1.0 N NaOH for 10 hours at 120® C. in- 
creased the activity for S. faecalis R, until the ratio of the activities for 
L. casei and S. faecalis R was nearly the same as that for the liver L, 
casei factor. The biologically active compound obtained by anaerobic 
hydrolysis was found to be dl liver L, casei factor. This was shown 
by comparison of its infra-red absorption spectrum with that of the 
synthetic dl liver L. casei factor. It is very probable that the dl form 

1 Bratton, O. A., ft B. X. KarsliAU. J. Biol. Chem. 128: 587. 1939. 
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was produced by racemization, during the extended alkaline hydrolysis. 
Thus, it appears that the fermentation L. casei factor can be split into 
the liver L. casei factor plus two moles of a dicarboxy alpha amino 
acid. 

The fluorescent pigment which was produced by 4 hoims of aerobic 
hydrolysis with 1.0 N NaOH at 100° C. was isolated by acidifying the 
hydrolysate to pH 3.0. It was crystallized as the sodium salt from 2.0 
N NaOH, but could not be crystallized from weakly alkaline solutions. 
The free acid prepared by precipitation at pH 3.0 was amorphous, and 
all attempts to produce a crystalline product were unsuccessful. How- 
ever, this amorphous free acid did show a microcrystalline structure 
by X-ray diffraction. 

Elementary analysis su^ested the empirical formula CtHsNsOs. 


' 1 

I c 

H 

N 

Found 

40 1 

1 75 

32.2 

Theory 

40 6 

2 42 

33.8 


It should be noted that reproducible analyses, especially on nitrogen, 
were difiSicult to obtain with these compounds. 

A titration curve of the sodium salt showed it to be a dibasic acid 
with one pKa at 3.9 and another at 7.7. The equivalent weight of the 
sodium salt was 145. 

The presence of a carboxylic acid group was demonstrated by decar- 
boxylation at 300° C. for 3 hours. This liberated 0.8 mole of CO 2 . 
From this decarboxylated product, a new fluorescent monobasic sub- 
stance was obtained with a pKa of 8.0. This decarboxylation of a 
dibasic acid to a monobasic acid with a pKa of 8.0 shows that the orig- 
inal compound contained a carboxylic and an enolic group. This de- 
carboxylated fraction had ultraviolet absorption spectra in 0.1 N 
NaOH with maxima at 253 and 365 mu, while the original dibasic acid 
had maxima at 262 and 365 m^i. 

The presence of a substituted guanidine group in the fluorescent di- 
basic acid was observed. Oxidation with chlorine water and subse- 
quent hydrolysis with .1 N HCl at 140° 0. for 3 hours yielded guani- 
dine which was estimated by colorimetric methods. 

Thus, the evidence indicates that the fluorescent dibasic acid contains 
a carboxylic group, an enolic group, and a substituted guanidine. The 
formation of guanidine by chlorine oxidation is evidence for a pyrimi- 
dine ring with an amino group in the 2 position. Pyrimidines, purines, 
and pterins which contain a 2-amino group liberate guanidine under 
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these conditions. The absorption spectrum of the fiuorescent dibasic 
acid in 0.1 N NaOH is characterized by two strong maxima at 262 and 
365 m/t. This is evidence tor a pteridinering, as no purines or pyrimi- 
dines have absorption maxima above 300 m/t. The fluorescence also 
suggests a pteridine ring. This compound was identified as 2-amino- 
4-hydroxypteridiue-6-carboxylic acid. The synthesis and proof of 
structure will be given in a later paper. 

Hydrolysis with 1.0 N HaSO*, anaerobically for 8 hours at 100° C., 
jdelded a fluorescent monobasic acid. This was separated by butanol 
extraction from any traces of the dibasic acid pterin which may have 
been present. This butanol extraction removed the monobasic com- 
pound and left the dibasic acid pterin in the aqueous phase. This 
monobasic compound was crystallized as the sodium salt from 10.0 N 
NaOH and was then converted to the free acid. This was identified 
as 2-amino-4-hydroxy-6-methylpteridine, by comparison of the ultra- 
violet and infra-red absorption spectra of the natural and synthetic 
compounds. The ssmthesis and proof of structure of this compound 
will be given in a later paper. 

It should be noted that this pterin contains a methyl group in the 6 
position, while the dibasic acid pterin obtained by aerobic alkaline hy- 
drolysis contains a carboxy group in the 6 position. Evidence which 
will be presented in a later paper indicates that this methyl group does 
not exist preformed in the original L. casei factor. 

The aromatic amine fraction was obtained by hydrolyzing the dl 
liver L. casei factor witli 1.0 N NaOH for 4 hours at 100° C. in a stream 
of oxygen. The pterins were removed from this hydrolysate by precipi- 
tation with AgNOs at pH 3.0. The amine was then precipitated as 
the barium salt with Ba( 0 H )2 and ethanol. This shows the am- 
photeric nature of the aromatic amine. The reaction of this amine 
to the Bratton and Marshall test indicates a substituted aromatic 
amine. The Bratton and Marshall test consists in diazotizing the 
amine with nitrous acid and then coupling with N- (1-napthyl) ethyl- 
ene diamine dihydrochloride to form a red pigment. Those aromatic 
amines with a negative group in the meta or para position, such as p- 
aminobenzoic acid, p-amino acetophenone, and sulfonamides, form a 
color which develops rapidly, reaching a maximum in 3 minutes. Ortho- 
aminobenzoic acid and other amines which contain no negative substi- 
tution, such as aniline or toluidine, develop a color much more slowly, 
several hours being required to react a maximum. The rapid develop- 
ment of color by the aromatic amine from the L. casei factor suggests 
a meta or para substituted amine. 
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The aromatic amine obtained from dl liver L. casei factor contained 
2.1 atoms of total nitrogen for each atom of aromatic amine nitrogen. 
This was based on the assumption that the aromatic amine gave the 
same molal color with the Bratton and Marshall test as p-aminobenzoic 
acid. The distribution coefficient of this aromatic amine, at pH 3.0 
for ethyl acetate to water, was 0.2 to 1.0. That for p-aminobenzoic 
acid under the same conditions was 11 to 1.0. On hydrolysis with 2.0 
N HjSOi for 16 hours at 100°, 45 per cent of the total nitrogen ap- 
peared as alpha amino acid nitrogen, and the distribution coefficient of 
the aromatic amine became the same as that for p-aminobenzoic acid. 
Pam-aminobenzoic acid was isolated from this hydrolysate and identi- 
fied by its melting-point and by microbiological assay with Clostridium 
acetobutylicum and with Acetobacter suboxydans. These results show 
that the aromatic amine from dl liver L. casei factor is a dipcptide of 
p-aminobenzoic acid and an alpha amino acid. The linkage involves 
the carboxyl group of the p-aminobenzoic acid, as the Bratton and 
Marshall test reacts only with a primary aromatic amine nitrogen. 

Some e\'idence regarding the mode of linkage is furnished by the re- 
sults of aerobic alkaline hydrolysis. The absence of fluorescence and 
free aromatic amine in the original L. casei factor, and the simul- 
taneous appearance of these two at the same rate during aerobic alka- 
line hydrolysis, suggest that the pterin is linked to the aromatic amine 
nitrogen. Biological inactivation parallels amine and pterin forma- 
tion. No method of cleavage has been found which will liberate the 
aromatic amine without forming a pterin. 

The requirement of oxygen during this cleavage demands a linkage 
which is stable to alkali and which can be split only by oxidative hy- 
drolysis. This excludes an amide linkage between the 6-carboxy group 
of the pterin and the amine of p-aminobenzoic acid. 

The results of these degradations can be summarized as follows: 

1. Anaerobic alkaline hydrolysis of the fermentation L. casei factor 
yields dl liver L. casei factor and 2 moles of a dicarboxy alpha amino 
acid. 

2. Aerobic alkaline hydrolysis gives 2-amino-4-hydrox3)pteridine- 
6-carboxylic acid and an aromatic amine. 

3. Anaerobic acid hydrolysis yields 2-amino-4-hydrox5’-6-methyl- 
pteridine. 

4. The aromatic amine obtained by aerobic alkaline hydrolysis of 
dl liver L. casei factor consists of dipeptide of p-aminobenzoic acid and 
an alpha amino acid. 
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5. Linkage of the pterin to the amino group of p-aminobenzoic acid 
is indicated by the rates of liberation of pterin and amine during aero- 
bic alkaline hydrolysis. 


II 

By Brian L. Hutchings, E. L. R. Stokstad, John H. Mowat, James 
H. Boothe, Coy W. Waller, Robert B. Angies, 

Joseph Semb, and Y. SubbaRow 

Ledeile Laboratories, 7nc, Pearl River, New York 


In the previous paper, evidence was presented indicating that the 
2-amino-4:-hydroxypteri(line-6-carboxylic acid and p-aminobenzoic 
acid were degradation products of the fermentation Lactobacillus casei 
factor.^ In this paper, the compounds arising from aqueous hydrolysis 
and sulfurous acid hydrolysis will be described. 

When the fermentation L. casei factor was dissolved in water at pH 
4.0 at a concentration of 1.6 mgs. per ml., and autoclaved at 120° C. 
for 15 hours, the biological activity of the compound was destroyed. 
On cooling the solution, a precipitate formed that was discarded. The 
filtrate was concentrated to dryness and extracted with absolute etha- 
nol. The ethanol was removed imder reduced pressure and the residue 
extracted with acetone. The acetone extracts were concentrated to 
dryness and sublimed at 148° C. in high vacuum for 6 hours. By this 
procedure, a crystalline acid was obtained. 

The analysis was: 

O 47.05, 

H 5.14, 

N 10.93. 


The sublimate melted at 147°-148° C.* A cryoscopic determina- 
tion of the molecular weight, using camphor as the solvent, gave a 
value of 284. 

The compound exhibited no ultraviolet absorption. A Bratton and 
Marshall® test for aromatic amine was negative. The substance gave 
no color with ferric chloride in aqueous or alcoholic solution. The 
sample adsorbed no hydrogen over Adam’s Pt02 catalyst. 

The compound contained no alpha amino acid nitrogen. However, 


>Stok>taa,a. Aim. N. Y. Acad. Soi. «(6)r 269. ^ 1946. 

> Bratton, A. O., A B. S. aCarslialL J. Biol. Chem. 1288 537. 1939 

* All melting points are uncorrected. 
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on hydrolysis with 2 N alkali for 3 hours at 100® C., the nitrogen was 
converted into alpha amino acid nitrogen. 

The melting-point, analysis, and conversion of the nitrogen into 
alpha amino acid nitrogen indicated the compound to be pyrrolidone- 
carboxylic acid. The molecular weight determination suggested the 
possibility of an anhydride formed from 2 moles of glutamic acid. 

Either compound, on hydrolysis, would yield glutamic acid. When 
the alkaline hydrolysate of the sublimate was assayed microbiologic- 
ally, 1 mole of glutamic acid was indicated. As the p 3 urrolidonecar- 
boxylic acid was the most likely compound, this was ssmthesized® and 
compared with the unknown. The melting-point of the pyrrolidone- 
carboxylic acid was 144°-148° C. The melting point of the unknown 
was 147°-148° C. A mixture of the unknown and pyrrolidonecar- 
boxylic acids melted at 145°-147° C., indicating the identity of tlie two 
samples. Fiirther corroborative evidence of the identity of the un- 
known with pyrrolidonecarboxylic acid was obtained by a comparison 
of their infra-red absorption spectra. The spectra are identical. 

The compound arising from aqueous hydrolysis of the fermentation 
L. casei factor was pyrrolidonecarboxylic acid. As the degradative 
conditions would favor cyclization of glutamic acid, this compound 
was presumed to be the primary product of cleavage. 

When the fermentation L. casei factor was dissolved in 0.6 N sul- 
furous acid at a concentration of 1 mg. per ml., and allowed to stand 
at 30° C. for 16 hours, the growth-promoting properties of the com- 
pound were destroyed. There was a marked increase in the fluores- 
cence of the solution, and an aromatic amine was formed that could be 
detected by the method of Bratton and Marshall. 

After removal of the sulfur dioxide, the pterin moiety reacted rap- 
idly with aldehyde reagents, such as phenyl hydrazine, to form insolu- 
ble derivatives, thus suggesting the presence of a carbonyl group. 

When the freshly prepared sulfurous acid hydrolysates were ex- 
tracted with butanol at pH 3.0 and 7.0, the distribution coefiflcients of 
the fluorescent compound at the two pH values were the same, indi- 
cating the absence of a carboxylic acid group. If the compound was 
allowed to stand in dilute alkali anaerobically, the fluorescence of the 
solution increased. The distribution coefScients between butanol and 
water at pH 3.0 and 7.0 were indicative of the formation of a fluorescent 
compoimd containing a carboxylic acid group. From this solution, a 
compound crystallized out and was identified as the 2-amino-4-hy- 
drox5T)teridine-6-carboxylic acid. The formation of the 6-carboxylic 

* AMmIuMui, B., fe K. Xactneli. Z. fflr Physiol. Chem. est 487. 1810. 
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acid suggested that the aldehyde was undergoing a Cannizzaro-type 
dismutation, and that a neutral compound was also being formed. Ac- 
cordingly, the solution was adjusted to pH 7,0 and extracted with 
3-10 volume portions of butanol. The butanol extracts were concen- 
trated to a convenient volume and the compound precipitated by the 
addition of ether. The precipitate was collected, dried, and then crys- 
tallized from 5 N sodium hydroxide. After several recrystallizations, 
the compound was converted to the free acid and dried for analysis: 



Theory for 
CtHtNoO 

c 

44.61 

47.4 

47.4 

H 

4.17 

4.43 

3.95 

N 

37.3 

39.6 

39.5 

Ash 

6.7 




The ultraviolet absorption spectra of the compound indicated its 
identity with the 2-amino-4-hydroxy-6-methylpteridine. The syn- 
thesis and proof of structure of this compound will be presented in 
the succeeding paper. The 6-carboxylic acid and the 6-methyl com- 
pound were formed in approximately equal amounts. 

From the evidence presented, it is apparent that sulfurous acid 
cleavage of the fermentation L. casei factor yields a pteridine aldehyde 
which dismutates in alkali to form approximately equal amounts of 
the 2-amino-4-hydroxyptcridine-6-carboxylic acid and the 2-amino-4- 
hydroxy-6-methylpteridine. 

The amine fragment was purified in the following manner: The 
pteridine fraction was removed by precipitation with silver at pH 2.0. 
After precipitation of excess silver ions, the amine was precipitated 
by the addition of a solution of lead acetate at pH 5.0. The lead pre- 
cipitate was collected, suspended in water, and decomposed as the 
sulfide. After removal of the lead sulfide, the solution was made alka- 
line to phenolphthalein with barium hydroxide, and the amine precip- 
itated by the addition of 1 volume of ethanol. The barium salt was 
dissolved in water, the solution adjusted to pH 2.8, and concentrated 
to dryness imder reduced pressure. The compound was extracted into 
anhydrous isopropanol and precipitated by the addition of 1 volume 
of petroleum ether. This precipitation was repeated once. The 
amine was dissolved in water, the pH adjusted to 8.0 with barium 
hydroxide, and the compound precipitated by the addition of 1 volume 
of ethanol. The amine was washed thorou^ly with ethanol and dried 
for analysis. 



276 


ANNALS NEW YORK ACADEMY OF SCIENCES 


The free acid was readily soluble in alcohol and water, but could 
not be crystallized out of these solvents or combinations thereof. The 
free acid was extremely hygroscopic and could not be satisfactorily 
handled as such. The barium salt was relatively non-hygroscopic and 
was satisfactory for analytical purposes. 

The analsrtical values were: 



Free acid 

c 

32 46 

49 8 

H 

4 20 

6 44 

N 

6.64 

10 17 

Barium 

34 80 



■RTien the amine fragment was hydrolyzed with 1 N hydrochloric 
acid, 75 per cent of the nitrogen was converted into alpha amino acid 
nitrogen. 25 per cent of the nitrogen was present as aromatic amine 
nitrogen. The aromatic amine was isolated by extraction with ethyl 
acetate, and then crystallized from water. 


Analysis 

Theory for p-aminobenzoic acid 

C 61.6 

61.3 

H 4.93 

5 11 


The compound melted at 180.5°-182.6° C. An authentic sample 
of p-aminobenzoic acid melted at 183.5°-184.5® C., and a mixture of 
the unknown and jT-aminobenzoic acids melted at 182 5‘’-183.5'^ C. 
The unknown was identical with p-aminobenzoic acid. 

Microbiological assay of the acid hydrolysates of the amine frac- 
tion showed the presence of 3 moles of glutamic acid. 

The analytical values indicate that the amine fragment arising from 
sulfurous acid cleavage of the fermentation L. casei factor is a tetra- 
peptide composed of 1 mole of p-aminobenzoic acid and 3 moles of 
glutamic acid. The theoretical elemental analysis for such a tetra- 
peptide is C5 — 60.5, H — 6.35, and N — 10.69. 

No significant amoimts of compounds containing 1 or 2 carbon atoms 
could be detected in the sulfurous acid-inactivated solutions, suggest- 
ing that the carbon content of the fermentation L. casei factor was 
that represented by the degradation products. 

In a summation of the data presented in this and the previous paper 
of this series, the following salient points serve as a guide to the formu- 
lation of the structure of the L. casei factor: 
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1. The fermentation L. casei factor can be degraded with alkali, 
under anaerobic conditions, to form the dl liver L. casei factor witli 
the liberation of 2 moles of glutamic acid, thus establishing a direct 
relationship between the liver and fermentation L. casei factors. 

2. Aerobic alkaline hydrolysis or sulfurous acid cleavage gives rise 
to a pteridine fraction and a primary aromatic amine. This indicates 
that the point of linkage is tlirough the aromatic amine group to the 
pteridine. 

3. 1 carbon serves as a linkage between the pteridine and the aro- 
matic amine. This is indicated by the isolation of either or both the 
2-amino-4-hydroxypteridine-6-carboxylic acid and the 2-amino-4-hy- 
droxy-6-methylpteridine as degradation products in two methods of 
cleavage. Further indicative evidence is the inability to detect any 
1 or 2 carbon-containing fragments in the hydrolysates. 

4. The aromatic amine fraction arising from sulfurous acid cleavage 
is a tetrapeptide composed of 1 mole of p-aminobenzoic acid and 3 
moles of glutamic acid. 

5. The liver L. casei factor contains one glutamic acid in peptide link- 
age to the carboxyl group of the p-aminobenzoic acid. 




STRUCTURE AND SYNTHESIS OF THE PTERIDINE 
DEGRADATION PRODUCTS OF THE 
FERMENTATION L. CASEI FACTOR 

By John H. Mowat, James H. Boothe, Beian L. Htjtchinqs, E. L. R. 

Stokbtad, Cor W. Wallee, Robeet B. Angieb, Joseph Semb, 
Donna B. Cosulich,* and Y. StjbbaRow 

Lederle LdborcAories, Inc., Pearl River, New York 

The two preceding papers of this series have indicated the natxire 
of the degradation products obtained from the fermentation Lacto- 
bacillus casei factor^: namely, the dl liver L. casei factor, p-amino- 
benzoic acid, pyrrolidonecarboxylic acid, I (+) glutamic acid, 2-amino- 
4-hydroxy-6-pteridinecarboxylic acid,t and 2-amino-4-hydroxy-6- 
methylpteridine. The first four of these substances were known com- 
pounds and could be readily identified, whereas the two pteridine 
compounds were new substances which required further degradation, 
as well as synthesis, in ordpr to establish their structure. 

The above 2-amino-4-hydroxy-6-pteridinecarboxylic acid was first 
isolated from the oxidative alkaline hydrolysate of the fermentation 
L. casei factor. The empirical formula determined from analytical 
data, the ultraviolet absorption spectrum, the titration curve, and the 
positive test for guanidine, all of which have been described in the 
preceding papers, led us to suspect the presence of a pteridinecarboxylic 
acid. Decarboxylation of a few milligrams of the substance liberated 
a little less than one mole of carbon dioxide, and the residue, when 
purified, appeared to resemble 2-amino-4-hydroxypteridine, a sub- 
stance which we had synthesized by reacting 2,4,5-triamino-6-hy- 
droxypyrimidine with glyoxal. The synthesis of the 2-amino-4-hy- 
droxy-6-pteridinecarboxylic acid was then effected by reacting 2,4,5- 
triamino-6-hydroxypyrimidine with ketomalonic ester, to give iso- 
xanthopterin carboxylic acid^ which was chlorinated with a mixture of 
phosphorus pentachloride and phosphorus oxychloride. The chlorine 
group was then replaced with hydrogen by reduction of the chloro com- 

* Calco Chemical Division, Aiperioan Cyanamid Company, Bound Brook, Nw Jersey. 

tin t-hig paper, we shall use the nomenclature and syst^ of ring numbering recommended by 
"Chemical Abstracts” and the "Ring Index." Accordingly, the above 2-ammo-4-hydrox3r-6- 
pteridinecarbozylio add could also be called 2-ammo-4-hyditHty-6^yrunido (4,5b) pyradne- 
carboxylio acid. The same compound, when named according to a different system^ of numuermg 
used in (German literature, could be called 2-ammo-6-hj"droxy-8-pteridinecarboxylic add. 

1 Hntolilnffs, B. B., B. B. B. Stokstad, B. Bokonos, ft H. B. Sloana. Science 99: 
371. 1944. 

> Pnmnaim, B. Ann. 548: 284. 1941. 
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pound with hydrogen iodide. The product was found to be identical 
with the degradation product obtained from the fermentation L. casei 
factor. This substance was also synthesized by reacting 2,4,5-triamino- 
6-hydroxypyrimidine with ethyl-iS,i(?-diethoxy-a:-bromo-propionate. 

By these procedures, the ring structure and the positions of the 
2-amino group and the 4-hydroxy group were fully established. Fur- 
thermore, the synthesis of the compound from isoxanthopterin car- 
boxylic acid indicated that the carboxyl group was very probably at- 
tached to the ring in the 6-position. This latter point, however, re- 
quired further proof, since the structure of xanthopterin (and hence, 
the structure of isoxanthopterin carboxylic acid) had not been rigidly 
proved by Purrmann.® 

Final proof that the carboxyl group was, indeed, in the 6-position was 
obtained by degrading the corresponding 2-amino-4-hydroxy-6-methyI- 
pteridine (which could be oxidized to the 2-amino-4-hydroxy-6-pteri- 
dinecarboxylic acid with alkaline potassium permanganate) by the 
method of Weijlard, Tishler, and Erickson.^ The product from this 
degradation was identical with an authentic sample of 2-amino-5- 
methylpyrazine. 

The 2-amino-4-hydroxy-6-methy]pteridine, mentioned above, was 
prepared by decarboxylating 2-amino-4-hydroxy-6-pteridineacetic 
acid which was obtained by reacting 2,4,5-triamino-6-hydroxypyrimi- 
dine with methyl-y,y-dimethoxy acetoacetate in aqueous acetic acid. 
The 2-amino-4-hydroxy-6-methylpteridine was also shown to be iden- 
tical with a methylpteridine obtained from the fermentation L. cas&i 
factor by sulfurous acid hydrolysis, as described in a preceding paper 
of this series. 

The isomeric 2-amino-4-hy(iroxy-7-methylpteridine was prepared 
by reacting 2,4,5-triamino-6-hydroxypyrimidine with methyl glyoxal. 
Oxidation of this 7-methyl compound with alkaline potassium perman- 
ganate gave 2-ammo-4-hydroxy-7-pteridinecarboxylic acid, isomeric 
with the acid obtained from the L. casei factor. 

In studying the chemistry of the pteridines, it is often necessary to 
determine whether a side-chain is attached to the ling on the 6- or on 
the 7-position. In most cases, this information can be obtained by oxi- 
dizing the side chain with alkaline potassium permanganate and com- 
paring the ultraviolet absorption spectrum of the product with the 
spectra of authentic samples of the 6- or 7-pteridinecarboxylic acids 
described above. Since the spectra of these acids differ markedly 

* VnrmaniL B. Ann. S46i 98. 1940. 

* WtUlavd, X. Tighm, ft A. B. Bstolnoft. J. Am. Chem. Soc. 67i 802. 1945. 
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from one another, and since the oxidation reaction usually offers no 
difficulty, it is possible to obtain the desii’ed information rapidly and 
with the expenditure of only a few milligrams of material. 

The identity and structure of the various degradation products hav- 
ing been clarified, it was then necessary to consider the linkages be- 
tween them. 

Hydrolysis of the pteridine-free aromatic amine fraction with the 
liberation of alpha amino acid nitrogen indicated that the carboxyl 
group of the p-aminobenzoic acid was attached to the glutamic acid 
through an amide linkage. 

Hydrolysis of the fermentation L. casei factor, as described in the 
preceding papers, resulted in the simultaneous liberation of the aro- 
matic amine fraction and a fiuorescent pteridine fraction, indicating 
that the pteridine was attached to the amino group of the aromatic 
amine. 

Since no pteridines having more than one carbon atom in the side 
chain could be isolated, and since no significant amounts of carbon 
dioxide, formaldehyde, formic acid, or other small fragments, could 
be detected in the hydrolysis mixtures, it seemed probable that the 
linkage contained only one carbon atom. 

The marked stability of this linkage toward anaerobic hydrolysis in 
either acid or alkaline media, and the similarity between ike cleavage 
of the fermentation L. casei factor and that of a simple model com- 
pound, JV-benzyl-p-aminobenzoic acid, indicated that the pteridine 
and the p-aminobenzoyl glutamic acid were probably connected by a 
single methylene group. 

On the basis of the above evidence, therefore, we postulated the 
structure of the liver L. casei factor to be: 



COOH 

j\r--{4--[[(2-amino-4rhydrox3r-6 pteridyl)iiiethyl] amino} benzoyl] glutamic acid. 




SYNTHESIS OF PTEROYLGLUTAMIC ACID (LIVER 
L, CASEI FACTOR) AND PTEROIC ACID 


By Coy W. Wallee, Beian L. Hutchings, John H. LIowat, E. L. R. 

Stokstad, James H. Boothe, Robeet B. Angiee, Joseph Semb, 
AND Y. SubbaRow 

Lederle Laboratories, Inc., Pearl River, New York 

And Donna B. Cosulich, M. J. Faheenbach, il. E. Hultquist, 
Erwin Kuh, E. H. Northby, Doeis R. Seegeb, J. P. Sickels, 

AND James M. Smith, Jr. 

Calco Chemical Division, American Cyanamid Company, 

Bound Brook, New Jersey 

Upon completion of the degradation of the Lactobacillus casei fac- 
tors and the synthesis of the fragments, the structure of the liver L. 
casei factor was proposed. The fermentation factor and the liver 
factor differed in the number of glutamic acid residues. The struc- 
ture for the liver compound showed only one glutamic acid, while the 
fermentation factor appeared to contain three such residues. Both 
factors yielded p-aminobenzoic acid and the same pteridines upon 
degradation. On this basis, both factors appeared to have the same 
pteridine nucleus attached to the p-aminobenzoic acid, as indicated in 
the proposed structure for the liver factor. The chemical name is ob- 
viously too long for general usage. For the basic nucleus, a name in- 
dicating its pterin nature is desirable. Thus, the name “Pteroyl- 
glutamic Acid” is proposed for the liver L. casei factor. The fer- 
mentation L. casei factor and analogous compounds containing various 
amino acids can also be named as pteroyl derivatives. The basic struc- 
ture for these compounds would, accordingly, be called “Pteroic Acid.” 

The syntheses of pteroylglutamic acid and pteroic acid are reported 
herein. 



( 283 ) 



284 


ANNALS NEW YORK ACADEMY OF SCIENCES 



4[[(2-amino-4-hydroxy-6-pteridyl)methyl] amino} benzoic acid 
Pteroic Acid 

From an inspection of the proposed structure of pteroylglutamic 
acid, it was endent that a three-carbon compound was necessary for 
the sjmthesis of this structure from 2,4,5-triamino-6-hydroxypyTimi- 
dine and p-aminobenzoylglutamic acid. In the previous paper, the 
pteridines were sjuithesized from 2,4,5-triamino-6-hydroxypyrimidine 
and a compound in which adjacent carbons contained functional groups 
capable of reacting with amines. By analogy, a reaction should oc- 
cur between the 2,4,5-triamino-6-hydroxypyrimidine and a three-car- 
bon compound in which the p-aminobenzoylglutamic acid was attached 
to a terminal carbon atom, and functional groups such as bromine or 
oxygen were on the other two carbons. a,jS-dibromopropionaldehyde 
was the three-carbon compound chosen for this synthesis. 

The first series of reactions in this synthesis was to combine the 
dibromopropionaldehyde and the p-aminobenzoyl compound, and 
then to react the product with 2,4,5-triamino-6-hydroxypyrimidine. 
When p-aminobenzoic acid or ethyl p-aminobenzoate and the dibromo- 
propionaldehyde were reacted, crystalline products were obtained. 
The ease of hj’drolysis of these compounds to p-aminobenzoic acid or 
ethyl p-aminobenzoate indicated that they contained anil structures. 
Tlie remainder of the hydrolysis products were tars which could not 
be purified. Condensation of these anils with 2 , 4 , 5 -triamino- 6 -hy- 
droxyp 3 nrimidine gave little, if any, biologically active materials, as 
shown by assay against S. faecalis R. When p-aminobenzoyl-l (+3- 
glutamic acid was reacted with the dibromopropionaldehyde, a crude, 
hygroscopic, non-crystalline product was obtained. This also appear- 
ed to be an anil, because it hydrolyzed to p-anoinobenzoylglutamic acid 
and a tar. Upon condensation of this anil with 2,4,5-triamino-6- 
hydroxypyrimidine, a very low yield of biologically active material 
was obtained. 

In view of the failure of the above reactions, the dibromopropionalde- 
hyde was then reacted with the 2,4,5-triamino-6-hydroxypyrimidine, in 
an attempt to obtain a 6 -bromomethylpteridine or a 6 -hydrox 3 nnethyl- 
pteridine. From this condensation, a crude product was obtained and 
separated into two fractions. One fraction was identified as 2-amino- 
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4-hydroxy-7-methylpteridine. The other fraction could be character- 
ized only to the extent that it was a 6 -substituted pteridine, since it 
could be oxidized to 2-amino-4-hydroxypteridine-6-carboxylio acid. 

In a final attempt to obtain pteroic acid derivatives by the use of 
dibromopropionaldehyde, equal molecular amounts of 2,4.5-triamino 
6 -hydroxypyrimidine and p-aminobenzoylglutamic acid were dissolved 
in water and treated with the dibromopropionaldehyde dissolved in 
an organic solvent. The yields were 30-50 per cent of crude material, 
containing 10-25 per cent pteroylglutamio acid. A series of experi- 
ments at various acidities showed that the best 3 rields were obtained 
at pH 4. Buffering at pH 4 gave similar, but less consistent, yields 
than when the pH was controlled with alkalis. The addition of p- 
aminobenzoylglutamic acid to a reaction mixture of the 2,4,5-triamino- 
6 -hydroxyp 3 Timidine and the dibromopropionaldehyde gave much less 
pteroylglutamio acid than when all reactants were mixed together. 
The organic solvent used for the dibromopropionaldehyde made very 
little difference. 


H H 0 


CHO 


HOOO-X-i— '^NH, + Br— CH.— <1>-Br + ^ if 

1- ^ aH-y 


CHa 
I 

HOOC— CH, 

p-Aminobenzoylglutamic Acid 



The crude material was purified in the following way; It was dis- 
solved in 0.2 N sodium hydroxide solution, at a concentration of 400 
micrograms of active material per ml. Barium chloride was then 
added to 0 2 N, and the solution diluted with ethanol to a concentra- 
tion of 20 % by volume. The precipitate was filtered off and dis- 
carded. The solution was freed of excess barium, diluted to a con- 
centration of 100 micrograms of active material per ml., and adjusted 
to pH 7 . Again the precipitate was collected and discarded. The 
solution was then extracted three times with 10 -volume portions of 
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butanol. The aqueous phase was then concentrated to 400 micro- 
grams of pteroylglutamic acid per ml, and adjusted to pH 3 to 
precipitate this active material. Further purification was accom- 
plished by dissolving this active material in 0.2 N sodium hydroxide 
solution, treating with charcoal, and precipitating at pH 3. Final 
purification was accomplished by recrystallization from hot water. 

The pteroic acid was synthesized in the same way as pteroylglutamic 
acid, by substituting p-aminobenzoic acid for the p-aminobenzoyl- 
glutamic acid in the reaction where all the reactants were condensed 
at the same time. Pteroic acid possessed activity for S. faecalis R, 
but was inactive for L. casei and the chick. 



Pteroic Acid 

The crystallography, infra-red absorption, ultraviolet absorption, 
and biological activities for the liver L, casei factor and the synthetic 
pteroylglutamic acid have been compared and shown to be identical, 
in a previous publication,^ 

iA 2 ig 1 .er, bTb., eial. Science 102: 227. 1945. 

DISCUSSION OF THE PAPER 

Dr. J. J. Pfiffner (.Research Laboratories, Parke, Davis, <& Company ) : 

I wish to take this opportunity, on behalf of my colleagues and myself, to con- 
gratulate the authors of this series of chemical papers on their success in accom- 
plishing the complete proof of the structure of the liver L. casei factor. We 
have been working in this field for some time in the research laboratories of 
Parke, Davis, and Company, and I should like to make a few remarks on the 
matter of nomenclature. In following up the pioneering work of Hogan and his 
co-workers on the chick antianemia B vitamin, our group succeeded, several years 
ago, in isolating for the first time a pure crystalline compound from liver, which 
was an antianemia agent in the chick and which was also a growth factor for L. 
caseL We adopted the tentative designation, vitamin Be, for this compound, 
since even at that early date there was considerable evidence that other growth 
factors for L. casei and S. faecalis occurred in nature. Proof that other such com- 
pounds did occur was offered shortly thereafter by Keresztesy, Rickes, and Stokes, 
of the Merck Laboratories, by their isolation of the SLR factor, which is not an 
antianemia agent in the chick. Some time ago, the Lederle Laboratories gener- 
oudy supplied us with a sample of the synthetic L. casei factor. We have com- 
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pared this product with vitamin Be isolated from liver and from yeast digest and 
found them to be identical. Since the authors of the forgoing papers have 
demonstrated the structure of the compound and suggest the name pteroylr 
glutamic add, we propose to abandon the term vilamin B and adopt their name. 

In this connection, it appears desirable to discuhs briefly another interestmg 
compound in this series, namely the crystalline chick aniianemia factor, which we 
have isolated from yeast, but which is almost devoid of microbiological growth 
activity for L. casei and S. jaecalh. This compound we had tentatively called vita- 
min Be conjugate, since vitamin Be (pteroylgluiamic acid) is formed on hj’drolyzing 
the conjugate with a specific enzyme or enzymes. We, in turn, had called the 
enzyme vitamin Be conjuga.^. Whereas vilamin Bo (pteroylglutamic acid) con- 
tains one glutamic acid residue, vitamin Be conjugate contains seven. In the 
system of nomenclature ^ggested by the authors, vitamin Be conjugate is there- 
fore pteroylheptaglutamic acid (more correctly, pleroylhexaglutamylglutamic 
acid). It follows that the enzyme, vitamin Be conjugase, is a peptidase, and, 
since it does not hydrolyze vitamin Be conjugate methyl ester, it can be identi- 
fied as a pteroylglutamylcarboxypeptidase. The identification of the carboxy- 
peptidase character of these en^mes is of particular physiological significance, 
since most of the pteroylglutamic acid in food exists in conjugated form. Some 
clinical obsen^ations by Cr. Bethell at the Simpson Memorial Institute and by 
Dr. Welch and Dr. Heinle at Western Resen^e University point to an inability of 
pcm’cious anemia patients in relap<ie to utilize the yeast conjugate, as evidenced 
by absence of clinical response and failure to excrete the free vitamin following 
administration of the coniugate, in contrast to normal man who rapidlv excretes 
free vitamin under the same conditions. The heptapeptide may, therefore, have 
unique value as an additional tool, throwmg light on the etiology of certain of 
the clinical anemias. 




PHARMACOLOGICAL STUDIES OF 
PTEROYLGLUTAMIC ACID 

By Ben King Hakned, RatiMond W. Cunningham, 

Helen D. Smith, and Maey C. Clark 

Ledeile Laboi atones, Inc, Pearl River, New York 

Some of the acute and chronic effects of pteroylglutamic acid have 
been studied in mice, rats, guinea pigs, rabbits, cats, and dogs. The 
action of this substance is characterized by the lack of response to the 
usual pharmacological tests. It has a low acute and chronic toxicity 
and an almost complete absence of side reactions, even when the dose 
is far above the therapeutic range.^* ® 

EXPERIMENTAL 

Materials 

Although the data are recorded in terms of pteroylglutamic acid, the 
low solubility of the free acid required the use of a soluble salt for 
parenteral injections. In all experiments, except those on the kidney 
and in the guinea pig’s skin, the sodium salt was administered in a 
solution of sodium bicarbonate. The preparation most frequently 
used was a 5 per cent solution made by dissolving the pteroylglutamic 
^cid in 5 per cent sodium bicarbonate. The residual bicarbonate in 
this solution was 3 per cent. In each experiment, the control animals 
received a volume of 3 per cent sodium bicarbonate equivalent to the 
volume of the 5 per cent pteroylglutamic acid used. 'When more di- 
lute solutions were employed, the sodium bicarbonate was reduced ac- 
cordingly in the controls. 

ACUTE TOXICITY 

A few experiments with the oral and intraperitoneal administration 
demonstrated a very low toxicity, and as a result of these preliminary 
obser\’’ations. intravenous administration was instituted and adhered 
to throughout the tests. The moi*tality count was made 14 days 
subsequent to the injection. Some of the deaths during this period 
may have been due to other causes, but no attempt was made to cor- 
rect for this factor. The results are recorded in table 1 and analyzed 
in PiauRB 1. An inspection of the data shows that the order of sus- 
ceptibility to the compound is guinea pig, rabbit, rat, mouse. A 
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Table 1 

The Acute Intravenous Toxicity op Pterotlglutamic Acid 
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Mice* 

No. Injected 








18 



18 

18 

18 

18 

4 

B 


No. Dead 








2 



7 

4 

2 

5 

3 

6 

Rats* 

No. Injected 







8 

20 


■ 

36 


28 

m 




No. Dead 







■ 

2 


■ 

14 


14 

4 



Rabbits* 

No. Injected 




4 

4 

4 

5 

4 

2 


3 

3 

3 


3 



No. Dead 




0 

1 

1 

2 

1 

1 


1 

1 

2 


2 


Guinea 1 

No. Injected 

1 4 

4 

— 

4 

4 

4 

2 

2 

1 


2 

1 

5 

2 




pigs* 

No, Dead 


Oj 2 

1 ' 

2 

2 

1 

1 


2 

1 

5 

2 





*The -A eight range of the animals used was: 18-22 grams for mice; 120-250 grams for rats; and 
230-300 grams for the gumea pigs. One third ot the labbits weighed between 600 and 1000 grams, 
the other two thirds between 2200 and 2700 grams. The two gioups were distributed throughout the 
range of doses. There was no ob\ lous difference between the groups. 


comparison of the species susceptibility at the L.D.50 indicates that 
the mouse can tolerate 5 times as much of the compound as the guinea 
pig. At the L.D,i, a similar comparison would give a ratio of approxi- 
mately 10. The mortality curves for the mouse and the rat very 
closely approximate each other. 

In the guinea pig series, 17 per cent of the non-survivors died during 
the first hour subsequent to the injection; 22 per cent during the first 
twelve hours; 28 per cent duidng the first forty-eight hours; 56 per cent 
during the first seventy-two hours; and 78 per cent during the first 
ninety-six hours. The data for the rabbits were similar. These de- 
layed deaths, coupled vtdth an inverse relationship between toxicity and 
water intake in the four species studied, suggested that renal damage 
might be an important factor. Pathological examination* confirmed 
this suggestion. A yellow substance, apparently pteroylglutamic acid, 
had been precipitated in the tubules. 

In the four species studied, some of the animals died within thirty 
minutes after the injection. The percentage of these deaths was great- 
est in the rat series and least in the rabbit. Death followed a violent 
convulsion which was predominately tonic. Control experiments with 
sodium bicarbonate indicated that this substance was not an important 
factor in the deaths. 


The pathcilogical mminatioos were ma(Je by Dr. F. I. Desseu. 
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ACUTE INTRAVENOUS TOXICITY- PTEROYLGLUTAMIC ACID 

Figuhb 1. The i^erimental results were plotted on log probability paper* and straight line* 
fitted bv e\'e.* The values fnr the L.D.w ^ere estimated fmm these lines. The 19/20 fiducial 
sones were estimated by s modification of the method of Mtchfield A FertUr*” The modification 
allowed for the lact that the population was not homo geneoua in all cases, and consisted in correct- 
ing the estimated values by multipl 5 dng by: » as described by Wilooxon ft MoCallan.* 


CHRONIC TOXICITY 

Young male rabbits and rats were used in these experiments, and the 
pteroylglutamic acid was administered intraperitoneally, 5 days per 
week. In the first series of experiments, the daily dose given to rabbits 
and rats was 5 mgm. per kgm. The rabbits were dosed for 7 weeks 
and the rats for 10. The criteria for the comparisons were: survival, 
rate of growth, physical appearance, red blood cell counts, hemoglobin, 
total and differential white blood cell counts, and post-mortem exanoi- 
nation. There was no difference between the treated and control 
groups. The growth curves are shown in figxjbes 2 and 3. 

*W6 are indebted to Dr. Frank Wilcoxon from the Stamford Research Laboratories, American 
Cyanaiuid Company, for the analysis of the data on scute toxicity. 
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ORAMS 



INTRAPERITONEALLY, 5 DAYS PER WEEK 

Fioubb 2. Each curve represents the average of fifteen rabbits. 

When rabbits were given 50 mgm. per kgm. per day intraperitoneally 
for 10 weeks, there was a questionable retardation in growth (figtjbe 
4) , but between the treated and control groups there was no difference 
in the blood picture, the number of deaths, or the general appearance. 
However, the patholo^st"* reported that, at autopsy, the animals 
showed signs of renal injury probably due to tubular obstruction. 

T\'hen rats were given 75 mgm. per kgm. per day intraperitoneally 
for 9 weeks, there was some depression of the growth curve (figtibb 5) . 
No other difference was observed during the doang period, but again 
the pathologist* reported signs of renal injury probably due to tubular 
obstruction. It would be interesting to repeat these experiments and 
determine the effect of the period of dosing on longevity, but these doses 
were so far above the clinically effective range^’ *■ * that the work hardly 
seems justified. 


* Dr. P. I. Dessau. 
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SRAMS 



INTRAPERITONEALLY, 5 DAYS PER WEEK 
Fionia 3. Each curve represents the average of fifteen tats. 

RESPIRATION AND BLOOD PRESSURE 

These tests were made on 6 dogs, 3 cats, and 1 rabbit. Except for 3 
unanesthetized dogs, all of the animals ■vrere etherized. Typical ex- 
periments are presented in pigube 6. In doses of 1 to 100 mgm. per 
kgm. intravenously, pteroylglutamic acid does not affect appreciably 
the respiration of the dog or cat. The largest dose used on the rabbit 
was 50 mgm. per kgm., and this dose did not modify the respiration. 

In both unanesthetized and anesthetized dogs, there was a temporary 
rise in blood pressure following the injection. The results were readily 
duplicated in the same and in different dogs. Five mgm. per kgm. in- 
creased the blood pressure 10 mm. of mercury; 20 mgm., 25 to 30 mm. 
of mercury; 40 mgm., 20 mm. of mercury; and 100 mgm., 10 mm. of 
mercury. Five minutes after the injection, 50 to 85 per cent of the 
pressor activity had disappeared, and in 30 minutes the blood pressure 
was always normal. 

In two cats, one with an initial blood pressure of 84 mm. of mercury. 
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GRAMS 



INTRAPERITONEALLY, 5 DAYS PER WEEK 
FiGUBB 4. Each curve represents the average of eight rabbits. 

and the other with 138 mm. of mercury, 20 mgm. per kgm. of pteroyl- 
glutamic acid produced a rise of 3 mm. of mercury in each. Forty 
mgm. per kgm. produced a rise of 2 mm., and 100 mgm. an elevation of 
11 and 7 mm., respectively, in the tvo cats. A third cat with an initial 
blood pressure of 93 mm. of mercury responded to similar doses with a 
drop in pressure. Twenty mgm. per kgm. lowered the blood pressure 
10 mm. of mercury, and 50 mgm. per kgm. lowered it 18 mm. of mer- 
cury. In each of the cats, the recovery time was rapid, approximately 
half as long as in the dog. The one rabbit used was pven doses of 10 
and 60 mgm. per kgm.; the response was similar to that observed in the 
first two cats. 


ISOLATED INTESTINE 

Doses of 1.0 to 10.0 mgm, of pteroylglutamic acid per 100 cc. of 
Inode’s solution were tried on both spastic and normal strips of rabbit 
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GRAMS 



INTRAPERITONEALLY, 5 DAYS PER WEEK 
I*iGUBB 5. Each curve represents the average of twdve rats. 


ileum. On the spastic strip, there was no action. On the normal strip, 
1 mgm. produced no action, but 10 mgm. increased the tonus without 
changing the amplitude or rate of the contractions. This is a very- 
low order of acti-vity. 

BLOOD SUGAR 

Pteroylglutamic acid has no effect upon the blood sugar of fasted 
rats. The doses used were 50 and 100 mgm. per kgm., injected intra- 
peritoneally. The results with the 100 mgm. dose are shown in figubb 
7. On this figure are shown, also, the action of insulin and epinephrine, 
to demonstrate the quantitative response of the rats to hypoglycemic 
and hyperglycemic agents. 

TESTS FOR IRRITATION 

Repeated tests in guinea pigs, by the intracutaneous injection of 0.1 
cc, of 1.5 per cent pteroylglutamic acid as the sodium salt, gave no evi- 
dence of irritation. 
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PTEROYLGLUTAMiC ACID lOOMGM/KQMiP EPINEPHRINE-HCL 0 2MGM./KGM. $a 

INSULIN 075U/K6M IP 


Figure 7. The number of rats in each group was: epmephrine, 2; control, 20; pteroylglutamio 
acid, 4; insulin, 4. The weights ranged from 100 to 260 grams. 

KIDNEY 

When 50 and 100 mgm. per kgm. of the free pteroylglutamic acid 
were given orally to rats in the Lipschitz test* for diuretic action, no 
effect was observed.* 


SUMMARY 

1. The pharmacology of pteroylglutamic acid is characterized by a 
lack of response to the usual pharmacological tests. It is not irritat> 
ing when injected intracutaneously, it does not affect the blood sugar, 
and it has only a weak action on the isolated intestine. It does not 
affect the respiration, and the effects on the blood press\u*e are of a 
rtxinor order. 

2. In chronic experiments, the daily administration of 6 mgm. per 
kgm. intraperitoneally to rabbits and rats for two months produced no 

* These studies were made by Dr. W. L. Lipschitz. 
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unfavorable reactions. In a similar period, daily intraperitoneal in- 
jections of 50 mgm. per kgm. to rabbits and 75 mgm. per kgm. to rats 
produced some changes in the tubules of the kidney, but no deaths. 

3. The acute toxicity is low. Rats and mice tolerate approximate- 
ly 200 mgm. per kgm. intravenously, with no evidence of action. 
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PHYSIOLOGICAL ASPECTS 


By Floyd S. Daft 

National Institute of Health, Division of Physiology, Bethesda, Maryland 

The isolation of pteroylglutamic acid (''L. ca^ei factor/’ ^Tolic acid/’ 
“vitamin M,” “vitamin Be”) was announced in 1943.^»^ Adequate 
amounts of this new vitamin for physiological and nutritional tests did 
not become available, however, until synthesis was accomplished. This 
was announced in August, 1945,^ less than a year ago. Great progress 
has been made, nevertheless, in our knowledge concerning the place of 
pteroylglutamic acid in human and animal nutrition. Evidence has 
been presented to indicate that this factor is a dietary essential for the 
chicken, the rat, the monkey, the guinea pig, the mouse, the dog, the 
turkey, and for man. Deficiency signs which have been reported for 
one or more species include: failure of growth, anemia, leucopenia, 
granulocytopenia, thrombocytopenia, poor feathering, diarrhea, gingi- 
vitis, necrosis of the gums, susceptibility to dysentery, achromotrichia, 
dehydration (as manifested by porphyrin-staining of fur and whiskers) , 
a spastic type of cervical paralysis, a dermatologic syndrome, and pero- 
sis. Our knowledge concerning the biochemical lesion or lesions in 
pteroylglutamic acid deficiency is far from complete. Data have been 
accumulating which suggest that there is a defect, in deficient rats, in 
some phase of nitrogen metabolism. On the basis of results obtained 
in experiments with bacteria and in the clinic, it has been postulated 
that the role of this vitamin is to bring about the synthesis of thymine. 
This interesting suggestion deserves serious consideration, although it 
does not appear altogether probable, from preliminary tests with ex- 
perimental animals, that lack of thymine is the sole defect in pteroyl- 
glutamic acid deficiency, 

DEFICIENCY SIGNS 

When the isolation of “vitamin Be” or “L. casei factor” was an- 
nounced by Pfiffner and associates,^ and by Stokstad, Hutchings, and 
co-workers,®* ^ it was noted by both groups of investigators that the 
pure vitamin was effective in preventing anemia and promoting growth 
in chicks. We, at the National Institute of Health, had the privilege 
of testing crystalline preparations from both laboratories in rats. The 
vitamin was administered to animals which had become leucopenic, 
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granulocytopenic, and anemic, while ingesting sulfonamides in a puri- 
fied diet. Correction of the dyscrasias resulted, and growth, which had 
ceased, was resumed.® Campbell, Brown, and Emmett later reported® 
that deficient chicks became leucopenic and thrombocytopenic as well 
as anemic, and that these defects could be prevented by the inclusion 
of the crystalline vitamiu in the experimental diet. Campbell and co- 
workers noted, also, that the vitamin appeared to be essential to the 
chick for normal feathering. In Januaiy, 1945, the monkey was added 
to the list of animals in which there is a demonstrated need for pteroyl- 
glutamic acid for normal hematopoiesis. Day and co-workers' ob- 
served that the administration to monkeys of a highly purified prepara- 
tion of this vitamin was followed by complete remission of signs of 
‘‘vitamin M” deficiency, which is characterized by loss of weight, 
leucopenia, granulocytopenia, anemia, bloody diarrhea, gingivitis, ne- 
crosis of gums, and susceptibility to dysentery. Reports of clinical 
trials of the new vitamin began to appear later in the same year. In 
September, Berry, Spies, and Doan reported that the administration of 
crystalline pteioylglutamic acid had a favorable influence on leucocyte 
equilibrium in malnourished patients,® and in October, Watson, Sebrell, 
McKelvey, and Daft presented data which suggested that concentrates 
of this factor may have been beneficial to patients with leucopenia fol- 
lowing radiation therapy.® In November, Darby and Jones reported 
that two cases of sprue had improved markedly, following the paren- 
teral administration of synthetic pteroylglutamic acid,'® and Spies, 
Vilter, Koch, and Caldwell recorded the observation that patients with 
macrocytic anemia in relapse had shown significant hematopoietic re- 
sponses to the same synthetic material." Many clinical papers have 
followed, and it is now accepted that pteroylglutamic acid is beneficial 
in cases of sprue, pernicious anemia, and other macroc 3 rtic anemias. 
Further reports are awaited on the treatment of leucopenic patients. 

In addition to these changes, a variety of other signs of pteroyl- 
glutamic acid deficiency has been noted in experimental animals. Be- 
fore the pure vitamin was available, Martin observed that rats given 
sulfaguanidine (sulfanilylguanidine) in a purified diet became gray, 
and that the feeding of concentrates of “folic acid” restored the color 
of the hair.'* Wri^t and Welch,'* using succinyl sulfathiazole, cor- 
roborated these results and noted, further, that the sulfonamide-treated 
animals had porphyrin-caked whiskers and had also, despite a gen- 
erous intake of pantothenic acid, a lowered hepatic level of this vita- 
min. The level of pantothenic acid in the liver could be raised to 
normal in these animals only by the administration of biotin and a 
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“folic acid” concentrate. Wright and Welch interpreted their results 
as indicating that biotin and “folic acid” are needed by the rat for the 
proper utilization of pantothenic acid. It was recently reported by 
Frost and co-workers that synthetic pteroylglutamic acid is also a 
chromotrichial factor for the chick.'* Woolley and Sprince'* have 
identified this vitamin as one of the growth essentials for the guinea 
pig, which they had previously called GPF-1; Nielsen and Black'® have 
recorded the observation that it is a growth factor for the mouse; and 
Hertz and Sebrell'^ have demonstrated that it is needed by the chick 
for normal response to stilbestrol administration. From the data pre- 
sented by Krehl and Elvehjem,'® it appears that pteroylglutamic acid 
is needed by the dog. These investigators observed that recovery 
from blacktongue, following niacin therapy, was much more consistent 
in the case of dop which were receiving a “folic acid” concentrate in 
their experimental diet than in the case of those which did not receive 
such a concentrate. A spastic type of cervical paralysis in turkey 
poults given deficient diets was observed by Richardson, Hogan, and 
Kempster,'® who noted, also, that remission of S 3 rmptoms followed 
treatment with crystalline “vitamin Be.” The successful therapy of a 
dermatologic ssmdrome in man with pteroylglutamic acid, has been re- 
ported by Coca.*® Daniel, Farmer, and Norris*' recently observed 
that perosis occurred in chicks on a diet low in "folic acid,” and that 
the condition could be prevented by the administration of the synthetic 
vitamin. 

The signs of pteroylglutamic acid deficiency which have been re- 
ported in the literature are listed in table 1. In addition, Leuchten- 
berger, Lewisohn, Laszlo, and Leuchtenberger have made tbe interest- 
ing observation that this vitamin is a strong inhibitor of tumor growth 
in mice.** 

METHODS USED FOR THE DEVELOPMENT OF SIGNS OF 
PTEROYLGLUTAMIC ACID DEFICIENCY IN 
EXPERIMENTAL ANIMALS 

In most experimental animals which have been studied, signs of 
pteroylglutamic acid deficiency have developed simply as a result of 
the administration of an experimental diet which was deficient in this 
vitamin. In the rat, however, the application of this procedure has re- 
sulted in the appearance of blood dyscrasias in only a small percentage 
of animals. In one study invohing 185 rats, Komberg, Daft, and 
Sebrell*® noted 6 instances of granulocytopenia. In order to obtain a 
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Table 1 

Repobted Signs op Ptbeoylgliitamic Acid Dbpicibnct 


Deficiency signs reported 

Species 

Failure of growth 

Anemia 

Leucopenia 

Granulocytopenia 

Thrombocytopenia 

Poor feathering ' 

Diarrhea 

Gingivitis 

Necrosis of the gums 

Susceptibility to dysentery 

Achromotrichia 

Porphyrin-caked whiskers 

Subnormal hepatic level of pantothenic acid 
Subnormal response to stilbestrol 

Subnormal response to niacin 

Spastic tjTpe of cervical paralysis 
Dermatologic syndrome 

Perosis 

Chick, rat, guinea pig, mouse, monkey 
Chick, rat, monkey, man 

Rat, chick, monkey, man 

Rat, monkey, man 

Chick 

Chick 

Monkey 

Monkey 

hloiikey 

Monkey 

Rat, chick 

Rat 

Rat 

Chick 

IDog 

Turkey poult 
hlan 

Chick 


higher incidence of blood dyscrasias in rats, investigators at the Na- 
tional Institute of Health have employed the six additional methods 
which are listed in table 2. The second on the list, the administra- 
tion of sulfonamides in purified diets, was the first method employed. 
Spicer, Daft, Sebrell, and Ashburn reported, in 1942,“ that rats given 
sulfaguanidine or succinyl sulfathiazole in purified diets developed 
leucopenia, granulocytopenia, bone-marrow hypoplasia, and, occasion- 
ally, anemia, Komberg, Daft, and Sebrell-® later showed that rats 
given sulfadiazine or sulfathiazole developed similar lesions with a 
higher incidence of anemia. As noted in the section on ^'deficiency 
signs,” sulfonamide-induced dyscrasias may be corrected by the ad- 
ministration of pteroylglutamic acid.® Of rats which have been given 
succinyl sulfathiazole, only about 10 per cent have usually become 

Table 2 

Methods pob Development op Signs op Ptebovglxit.'Imic Acid Depicienct 

(1) Deficient diets. 

(2) Purified diets + sulfonamides. 

diets + suUonamides + controlled hemorrhage. 

(4) Punned diets + thiourea + thyroxin (or thyroid powder). 

(o) Pantothenic acid-deficient diets. 

(6) Riboflavin-deficient diets. 

(7) Protein-free diets. 
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anemic. It was shown by Kornberg and associates, however, that 
when such animals were subjected to controlled massive hemorrhage, 
all became anemic, and that when bleeding was discontinued, there 
was a demonstrable failure in red cell regeneration. This failure could 
be prevented by the administration of pteroylglutamic acid. The 
fourth method for the development of blood dyscrasias in rats is the 
use of thiourea plus thyroxin or thyroid powder. As reported by Daft, 
Kornberg, Ashburn, and Sebrell,®^ rats which were given thiourea in a 
purified diet frequently became anemic and rarely granulocytopenic, 
while animals which were given, in addition, thyroxin injections or 
thyroid powder routinely became granulocytopenic and rarely anemic. 
Pteroylglutamic acid did not appear to affect the anemia, but, given 
in large doses for 10 day periods, it corrected the granulocytopenia. 

The last three methods on the list ((5), (6), and (7) in table 2) are 
similar to one another, in that the essential feature of each is the omis- 
sion from a purified diet of a dietary essential other tlian, or rather in 
addition to, pteroylglutamic acid. The dietary ingredients omitted in 
these studies were pantothenic acid, riboflavin, and protein (casein) , re- 
spectively. As reported by Daft, Kornberg, Ashburn, and Sebrell,**® 
granulocytopenia, anemia, or both together, have been observed in 
pantothenic acid-deficient rats. The granulocytopenia, when alone, 
was corrected by pteroylglutamic acid, and the anemia, when alone, by 
pantothenic acid. When both granulocytopenia and anemia occmred 
together, both vitamins were needed for the rapid and consistent cor- 
rection of either dyscrasia. Riboflavin-deficient rats, also, have be- 
come anemic, granulocytopenic, or both.^® In these animals, pteroyl- 
glutamic acid corrected the granulocytopenia, and riboflaiin, somewhat 
less consistently, the anemia. Neither in the experiments on panto- 
thenic acid deficiency nor in those on ribofla^^n deficiency did the con- 
trol animals develop blood changes. It appears from these data that a 
deficiency of pteroylglutamic acid has developed in rats deprived either 
of pantothenic acid or of riboflavin. A partial explanation of these re- 
sults was obtained from paired-feeding experiments, in which one of 
each group of litter-mates was deprived of pantothenic acid®* or ribo- 
flaxun,*® one was pair-fed a control diet containing adequate amounts 
of these vitamins, and a third was given the control diet ad lib. The 
data obtained indicate clearly that partial inanition, when purified 
diets are used, may result in granulocytopenia, and that this defect 
may be prevented or corrected by the administration of pteroylglutamic 
acid. Further progress resulted from the observation of Kornberg, 
Daft, and Sebrell that the feeding of protein-free or low-casein diets to 
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rats led to the development of granulocytopenia and anemia.*® A 
study was made of the therapy of those animals which became granulo- 
cytopenic while receiving a protein-free diet. Insufficient data on the 
correction of anemia were obtained for conclusions to be drawn, but 
both protein (or the essential amino acids) and pteroylglutamio acid 
appeared to be needed for the correction of the white cell dyscrasia. 
From these results, it appears probable that the appearance of signs of 
pteroylglutamic acid deficiency in rats deprived of pantothenic acid, 
riboflavin, or protein, may be attributed to the lowered consumption of 
casein. It is not, as yet, clear why a decrease in the intake of this pro- 
tein should have this effect, but a few of the possible explanations tvfill 
be considered later in this discussion. 

In the development and use of these seven methods, it appears that 
more questions have been raised than have been answered. These 
methods, nevertheless, constitute a valuable tool for further work. 

It is interesting and perhaps significant that, although other factors 
are very evidently involved, pteroylglutamic acid has proved to be of 
therapeutic benefit to animals with blood dyserasias developed in each 
of these seven ways. 

PTEROYLGLUTAMIC ACID DEFICIENCY AND NITROGEN 

METABOLISM 

Our knowledge of the function of pteroylglutamic acid in the bac- 
terial cell and in the animal body appears to be, at best, somewhat 
fragmentary. It was demonstrated, several j’ears ago, that thymine 
could substitute for this vitamin in the nutrition of lactic acid bac- 
teria. Stokes has reported that “folic acid” could not be detected in 
Streptococcus cells gi’own in thyunine medium, and has advanced the 
theory tliat this factor participates directly or indirectly as a coenzyme 
in the synthesis of thymine or a related compound in lactic acid Strep- 
tococci.^'^ Spies, Vilter, Cline, and Frommeyer have successfully sub- 
stituted thymine in large amounts for pteroylglutamic acid in the treat- 
ment of macrocytic anemias in relapse.-* We have had sufficient thy”- 
mine to treat only four granulocytopenic rats, two of which were ane- 
mic. Each was given 250 mg. of thy-mine during a 4-day period. The 
results were disappointing and suggest that a failure in the synthesis of 
thymine may not be the only biochemical lesion in pteroylglutamic 
acid-deficient rats. Further tests are necessary, however, before a 
definite conclusion may be drawn. 

Wright, Skeggs, and Sprague®* have reported that a diet high in 



DAFT: PHYSIOLOGICAL ASPECTS 


305 


casein exerts a partial protective action in rata against the production, 
by succinyl sulfathiazole, of signs of nutritional deficiencies. Our re- 
sults, which indicate that signs of pteroylglutamic acid deficiency may 
develop in animals whose intake of casein is restricted, have already 
been presented. In addition, we have been able to treat some of our 
granulocytopenic and anemic rats successfully, by increasing the per- 
centage of casein in the diet. These data may indicate merely that 
casein is contaminated with pteroylglutamic acid. We have not, how- 
ever, been able to demonstrate a sufiBcient degree of contamination to 
account for the results observed. It appears, on the basis of present 
information, that the possibility should at least be considered that, 
in deficient rats and other animals, there is a failure in some phase of 
nitrogen metabolism. This failure might lie in the synthesis of pteroyl- 
glutamic acid by intestinal bacteria or by the animal body, or in the 
normal metabolism of amino acids or related materials. The avail- 
ability of adequate amounts of the synthetic \dtamin and of a variety 
of methods for producing deficiency signs in experimental animals 
should be of great help in fiitui*e investigations along these lines. It 
does not appear unreasonable to look to the near future for much new 
light on the precise physiological role, or roles, of pteroylglutamic acid. 
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VITAMIN M DEFICIENCY* 

By John R. Totxbe 

Department of Physiological Chemistry, School of Mediane, 

University of Arkansas, Little Rock, Arkansas 

During the course of experiments designed to produce vitamin G 
(riboflavin) deficiency in the monkey, Day, Langston, and Shukers^ 
discovered that the monkey {Macacca mulatto) is peculiarly suscep- 
tible to a fulminating disease whose characteristics are: leucopenia, 
anemia, thrombocytopenia, gingivitis, necrosis of the gums, loss of ap- 
petite, diarrhea, susceptibility to dysentery, and eventual death. Au- 
topsy findings were ulcerated colon, liver damage, and adrenal 
changes^’ * Early work on this syndrome was reported in 1935. It 
was, at that time, recognized that the disease was due, not to a de- 
ficiency of any known vitamin, but probably to lack of an unknown 
nutrient, since it was preventable by supplementation of the experi- 
mental diet with certain liver fractions or yeast. In 1938, the factor 
was further differentiated, and tentatively named vitamin M.® 

The factor was found to be present in liver, yeast, and certain liver 
fractions produced in the preparation of injectable liver extract. It 
is present, to a considerable extent, in material corresponding to Cohn 
fraction G,^ but apparently is partly lost in further commercial frac- 
tionation of this material. Injectable liver extract, in a dosage ade- 
quate to maintain a pernicious anemia patient, does not protect a 3 kg. 
monkey indefinitely against vitamin M deficiency.® 

Accumulated data on the deficiency syndrome may be summarized as 
follows: 

Every animal which did not die too quickly of intercurrent disease 
developed leucopenia. 

Of 62 experimental and control animals which developed leucopenia, 
50 developed an anemia in which the red blood cell count fell below 
4.0 million per cmm., for a protracted period. Of the twelve remain- 
ing animals, 2 on experimental diets lived longer than the average time 
required to develop anemia, and still failed to show significant lower- 
ing of red blood cell count and hemoglobin. One of these was an ani- 
mal on the deficient diet supplemented with beef muscle, and the other 
received a liver-stomach preparation. 

The average length of time on the experimental diet required to 

* Heseaidi paper No. I!93, Journal Series, UniTerrity of Arkansas. 

(309) 



310 


ANNALS NEW YORK ACADEMY OF SCIENCES 


develop leucopenia (<10,000 WBC/cmm.) was 44 days; to develop 
anemia ( <4,0M RBC/cmm.) , 55 days. The length of time required to 
develop anemia appears to be directly correlated with the period re- 
quired for the animal to become leucopenic. The dietary history prior 
to the experiment, if it has any effect, appears to affect equally the 
time requirement for development of leucopenia and anemia. 

Because of the possibility that the L. casd factor and vitamin M 
might be related, microbiological determinations were made on vitamin 
M active substances. Data were obtained which indicated that there 
is a good correlation between the potential L. casei factor content, 
measured after appropriate enzyme treatment, of various vitamin M 
sources and their anti-leucopenia activity in the monkey.® 

In collaboration with a group of Lederle Laboratory investigators, 
we have found the “fermentation” L. casd factor to be highly effective 
in vitamin M deficiency. Treatment of deficient animals with 2-4 mg. 
of this substance was followed by prompt relief of diarrhea and anor- 
exia, rapid increases in white blood cell count, and reticulocyte showers, 
followed, some days later, by increases in red cell numbers and hemo- 
globin content of the blood.^’ ® 

Synthetic pteroylglutamic acid (liver L. casd factor)* has been 
tested in several deficient monkeys. Injection of 2 to 6 mg. of this 
material into 3-4.5 kg. animals with leucopenia was followed by dra- 
matic leucocyte increases, reticulocyte responses, and, in those cases 
which survived, increases in red cell numbers. A prompt, but transient, 
increase in red blood cell count usually appeared within 24 hours and 
returned to pre-dosage levels in about three days. A more permanent 
increase followed several days later. The early increase may be due 
to a change in blood volume. Two of the 5 animals tested succumbed, 
even though, after treatment, granulocyte counts reached levels of 
15,000 and 100,000 per cmm., respectively. Clinical improvement in 
the animals tested at this dosage level appeared less marked than with 
the fermentation factor. Data from a typical experiment are given 
in nouEE 1. 

* We are indebted to Lederle Laboratories for eenerous supplies of the synthetic vitamin. 
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SOIVIE OBSERVATIONS ON THE THERAPEUTIC 
USEFULNESS OF SYNTHETIC L. CASEI FACTOR 
(FOLIC ACID) 

By Tom D. Spies 

Department 0} Internal Medicine, Vmvereity of Cincinnati College of Medicine, 

Cindnnati, Ohio* 


In the preceding papers, we have seen reports on some of the original- 
ly divergent research of many investigators, consummated in the B3m- 
thesis of the L. casei factor. Only a few months ago, this substance was 
shown to be a safe and effective therapeutic agent in the treatment of 
spme, pernicious anemia, and other related anemias.^'* Quickly, these 
findings were confirmed and extended by many investigators. The dis- 
coverj”^ of the therapeutic value of folic acid in these diseases is an event 
of major significance in the progress of medical science. For us, it 
marked a milestone in the progress of our studies on anemia which, 
with the assistance of many associates and collaborators, I have been 
carrying on for 16 years. In 1930 and 1931, 1 observed that many of 
our severely ill pellagrins had macrocsdic hyperchromic anemia, which 
was c 3 rtologically indistinguishable from Addisonian pernicious anemia 
in relapse. That this anemia was not due to a lack of the intrinsic 
factor of Castle was demonstrated first by Spies, Payne, and Chinn,® 
who showed that the gastric juice of pellagrins, when incubated with 
ground beef, produces a factor capable of causing a remission in per- 
sons with Addisonian pernicious anemia. In 1935, Spies and Chinn“ 
found that 63 per cent of their cases of severe pellagra had this type of 
anemia. This observation cominced me that, if we were to rehabili- 
tate all the pellagrins who came under our care, we would have to look 
for effective methods of treating this type of anemia. Accordingly, we 
began our Quest for substances which would cause remission of anemia, 
and began to establish a center where patients could be attracted and 
treated. Thus, when folic acid became available, we had many pa- 
tients suitable for study. 

During the past year, we have administered folic acid to 196 per- 
sons, under controlled conditions, and studied its effect on the blood 
and blood-forming organs. In 30 normal persons, 5 persons with iron 


• University of Cincinnati Studies in Nutntion at Hillman Howital, Bumingh^, ^abamL . 
The sKpenses of tbia study were borne by grants from the Mason Wdliams Memorial 

Fund, Liederle Laboratories, Inc., and the Martha Leland Sh«win Memorial Fund 


( 313 ) 



314 


.YieTr YORK ACADEMY OF SCIENCES 


deficiency anemia, 1 with anemia associated with carcinoma of the 
stomach, 6 with aplastic anemia, 5 with aleukemic leukemia, 6 with 
leukemia, 12 •with post-infectious leucopenia, 3 with drug idiosyncrasy 
and 1 case of undiagnosed leucopenia, folic acid had no effect, and 
these cases will not be discussed further. The remaining 127 cases 
1 74 with Addisonian pernicious anemia, 14 with nutritional macrocytic 
anemia, 4 with macrocytic anemia associated with pregnancy, 9 with 
macrocj'tic anemia associated with pellagra, and 26 with sprue) will be 
discussed in considerable detail. 

In November, 1945, Dr. Carl F. Vilter, Dr. Richard W. Vilter, Vir- 
ginia Haw'kins, R.N., and I initiated om’ study to test the efficacy of 
folic acid in maintaining persons witli Addisonian pernicious anemia. 
Each of the 24 patients chosen for this study had been maintained un- 
der our observation for a number of years on liver extract. ^Ye ex- 
plained to the patients that we proposed to discontinue the liver extract 
and to give 30 mg. of folic acid each day, three times a week, if it w^ere 
agreeable to them. Each one volunteered to cooperate in the study. 
After complete laboratory determinations and clinical examinations had 
been made, tlie first dose was given. The material has been taken in the 
presence of one of us on every occasion, and there has not been a re- 
lapse in any one of these patients. They feel well and many of them 
have gained w'eight. It is too early for us to state whether or not folic 
acid can replace liver extract in the maintenance of such patients, but 
this study is being continued and should eventually pro-vude us with 
important information. 

In the selection of all but the 24 cases of pernicious anemia to whom 
maintenance doses were administered, the following rigid criteria were 
used: ill macrocytic hj’perchromic anemia; (2| red blood cell count 
of 2.5 million or less; (3) color index of 1.0 or more; (4) megaloblastic 
arrest of the sternal bone marrow. An additional criterion for the 
selection of cases of Addisonian pernicious anemia w’as the absence of 
free hydrochloric acid, pepsinogen, and rennin in the gastric contents 
after histamine stimulation and, for the selection of cases of nutritional 
macrocjdic anemia, the presence of free hydrochloric acid in the gastric 
contents after histamine stimulation. Additional criteria for the selec- 
tion of patients with sprue were a flat glucose tolerance curve, “fatty” 
stools, and wei^t loss. 

Ninety-eight of the patients were admitted to the hospital for pre- 
liminary obser\'ations, baseline determinations, and therapy. The 
other 5, who were treated as ambulatory cases, came to the hospital 
or clinic at frequent intervals throughout the study. 
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A detailed medical and dietary history was obtained, and a careful 
physical examination was made in each case. Thi'oughout the control 
period and during the period of most active regeneration, red cell and 
white cell counts, reticulocyte counts, and hemoglobin determinations 
were made daily, using methods previously described.® Thereafter, 
these determinations were made less frequently. In every case, bone 
maiTOW studies were made prior to therapy and, in some cases, follow- 
ing therapy. The diet of all the hospital patients was rigidly con- 
trolled. Meat, meat products, and poultry were omitted. From one 
pint to one quart of milk daily was allowed. Bread, cereals, sugar, 
fats, vegetables, and fruits were permitted in amounts desired. The 
patients were always fed under the super\ision of our staff, to insure 
their not getting anj’’ foods except those allowed on the diet. The 5 
ambulatory patients ate their meals at home. No effort was made to 
control their diets, but frequent dietaiy histories taken throughout the 
course of this study revealed that their diets remained essentially the 
same as we had known them to be for many years. 

At the time the study was initiated, each of the patients complained 
of loss of strength, vigor, and appetite. In most cases, there had been 
a considerable loss of body weight, and in the patients with sprue the 
loss had been from 20 to 30 per cent. The diarrhea in the patients with 
sprue was characterized by from five to twenty bowel movements daily. 
The stools appeared yellow or white, watery, foamy, and foul-smelling. 

After baseline determinations were obtained, folic acid was adminis- 
tered parenterally in eight cases and orally in 95 cases. Two patients 
were given 20 mg., intravenously, daily; four received 60 mg., intra- 
venously, daily; two were given 20 mg. intramuscularly, every day. 
To get the folic acid into solution for injection, we converted it into 
a soluble salt by adding normal sodium bicarbonate solution. To in- 
sure sterility, the solution was then passed through a Seitz filter. The 
95 patients to whom it was administered orally were given daily doses 
ranging from 5 to 400 mg. When they were given 20 mg. or more, 
half of it was administered in the morning and half in the after- 
noon. It was administered in water suspension prepared by mixing it 
with four or five drops of cold water, and then adding 20 ce. of cold 
water, while the mixture was being stiired constantly. After the pa- 
tient drank this material, a small amount of water was used to rinse 
the glass thoroughly, and he drank this also, to insure his getting as 
much of the folic acid as possible. During the latter part of the study, 
folic acid became available in tablets and was administered in this 
form. 
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On the foui’th, fifth, or sixth day following the initiation of folic acid 
therapy, the reticulocytes began to rise, and peaked a few days later. 
This was followed by an increase in red blood cells and hemoglobin. 
The typical hemopoietic response of Addisonian pernicious anemia, 
nutritional macrocytic anemia, and sprue is shown in piguees 1, 2, 
and 3. 

Soon after giving folic acid, the bone marrow changes. On the sec- 
ond or third daj’, an increased number of reticulocytes appears, and 
whole islands of regeneration form around the megaloblasts. Usually, 
by the fourth, fifth, or sixth day, the degree of change is tremendous. 
By this time, the reticulocytes are going up in the peripheral blood. 
It should be stressed that, in these cases, folic acid produces an increase 
in the red cells, the hemoglobin, the white cells, and platelets. As the 
remission becomes more advanced, the normoblasts increase in the bone 
marrow, and the megaloblasts decrease. Eventually, the bone mar- 
row tends to approach normal. 

The striking hemopoietic response is associated with a remarkable 
subjective improvement. Each patient voluntarily told us that he 
felt much stronger than he had for a long time, and that his desire for 
food had returned. The hospitalized patients, who, before treatment, 
had no desire to move, began to walk around the ward. Many of the 
ambulatory patients who had been driven to the clinic began to come 
on the streetcar, and some of them began to walk to the clinic. In 
many of the patients, particularly those with sprue and nutritional 
macrocytic anemia, loss of appetite and distaste for food had been so 
great that the}' had been eating less than five hundred calories daily. 
Three or four days after folic acid therapy was initiated, they began 
eating all the food offered and usually asked for more. It was not un- 
common for them to eat from 3500 to 4500 calories daily. They gained 
about three pounds of body weight per week. 

Of particular interest are our observations on the profound improve- 
ment in the alimentary tract symptoms of sprue, following the adminis- 
tration of folic acid. AVithin a few days following the initiation of 
therapy, the bowel movements, which had been occurring from five to 
twenty times daily, decreased to one or two daily. As therapy pro- 
gressed, the color, odor, and consistency tended to become normal. Epi- 
gastric distress disappeared, and appetite returned. That intestinal 
parasitism is an almost constant finding in persons with tropical sprue, 
in Cuba, has been observed and reported by many investigators. As 
a special part of our collaborated study of sprue in Cuba,'^ the 
teces of 25 patients were repeatedly examined. We also examined the 
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w 

Bi 

4.6 

6.5 

0.5 

4.5 

7.0 

7.6 

4.6 

5.5 

6.5 

5.6 

7.6 

6.0 

Bacteria 

Psevdomonas 

Enterococcus 

E. coli communior 
Buiyribactcrium 

B. pyocyaneus 
Enterococcus 

B. alcaligenes 
Staphylococcus 

E. coli communior 
Butyribacterium 

E. coli communior 

E. coli acidi lactici 
Butyribacterium 
Klebsiella friedldnderi 
BiUyribocierium 

E, coli communior 

B, proteus 
Butyribacterium 

B. proteus 
Butyribacterium 

1 E. coli communior 
Enterocoaus 
Butyribacterium 

E, Coli communior 
Staphylococcus 
Butyribacterium 
Negative 

B, proteus 

E, coli communior 
Paracoli 

B. proteus 

E, coli cundi Icudici 

E, coli acidi lactici 
Enterococcus 

Yeasts 

Blastomyces hominis 
(syst.) 

Negative ! 

Negative 

Monilia 

Negative 

Negative 

Negative 

Negative 

Blastomyces hominis 
Blastomyces hominis 

Yeasts 

Negative 

Parasites 

Negative 

Endamoeha coli 
(cyst) 

Ascaris lumbricoides 
(ova) 

Trichuris trichiura 
Necaior americanus 
(ova) 

Negative 

Trichuris trichiura 
(ova) 

Trichuris trichiura 
Necaior americanus 
(ova) 

Trichuris trichiura 
Necaior americanus 
Giardia (ova and 
vegetative form) 
Negative 

Negative 

Trichuris trichiura 
Necaior americanus 
(ova) 

ChUon^iix (cyst) 
Negative 

Negative 

Sex 


Age 1 


Patient 


Case No. I 

14 

16 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 
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large intestine, by curettage of the most altered portion of the mucosa 
of the rectum and sigmoid during rectosigmoidoscopy, and the small 
intestine by means of the Miller-Abbott tube, using the modified tech- 
nique of Harris, and collecting samples of 3-5 cc. each from the 
jejunum, jejunoileal junction, and ilium. Each specimen thus obtained 
was examined microscopically while in the fresh, warm state. Imme- 
diately thereafter, a few drops of Lugol's solution were added to the 
specimen, and then microscopic examination was made, using the flota- 
tion method of Willis. Bacteriological culture was made on each speci- 
men, according to “standard bacteriological technique.” The indi- 
vidual specimens were planted on each of several different media, in 
an effort to obtain as many positive cultures as possible. The results • 
of the microscopic examinations and of the cultures from the three sites 
mentioned above are shown in tables 1, 2, and 3. 

We observed a conspicuous absence of parasites in samples obtained 
by curettage from the rectum and sigmoid. Intestinal parasitic ova, 
cysts, or adult forms were present in the feces in 56 per cent of the 
cases, and in the contents of the small intestines in 12 per cent of the 
cases. Bacterial culture revealed a multiplicity of organisms, most 
of which are known as the normal intestinal flora. We observed in the 
feces of 72 per cent of the cases a gram-positive, non-sporulating, 
anaerobic bacillxis called Butyribacterium, which corresponds to the 
bacteroid of Castellani and Chalmers. Growth of cysts, of which 
Mordlia formed the bulk, occurred in the feces of 40 per cent of the 
cases. The bacteria and yeasts were essentially confined to the stools, 
whereas the parasites occurred both in the small intestine and in the 
feces. The percentage of the occurrence of these organisms in samples 
obtained from the three sites studied is shown in table 4. 

Early in our studies concerning the effect of folic acid on the anemia 
of tropical sprue, we were impressed by the severity of the alimentary 
tract complaints in these patients and their improvement following folic 
acid therapy. Accordingly, we endeavored to determine what change, 
if any, occurred in alimentary tract function, when this substance was 
used as the only therapeutic agent.^* Repeated gastrointestinal series 
were done on four persons, one normal person, and three patients with 
sprue. The three patients with sprue were on the same ward and re- 
ceived the same diet. One patient with sprue who received no therapy 
served as a conixol. The other two patients were given folic acid, and 
gastrointestinal series were done before, during, and after therapy. 
They were done at the same time intervals in the normal subject and in 
the control case of sprue. 
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Table 2 


Material Obtained through Rectosiomoidoscopt 


Case 

No. 

Pa- 

tient 

Age 

Sex 

Mucosa 

Parasites 

Yeasts 

Bacteria 

1 

GG 

29 

F 

Pale, Hypo- 
trophic 
Pale, Hypo- 

Negative 

Negative 

Negative 

2 

MS 

45 

F 

Negative 

Negative 

B, proteus 

tropmc 
Pale, H 3 rpo- 

3 

COB 

48 

F 

Negative 

Negative 

Enterococcus 





trophic, 

SI. ong. 

E. coli acidi lactid 



4 

DL 

67 

F 

Pale, Hypo- 

Negative 

Negative 

B, proteus 


FG 

31 


tropMc 

Staphylococcus 

5 

F 

Pale, Hypo- 

Negative 

Negative 

E, coli acidi lactici 

6 

RS 

68 

F 

tropmc 
Pale, Hypo- 

Negative 

Negative 

Staphylococcus 

Negative 


MMI 

33 


trophic 
Pale, Hypo- 

(mucous material) 

7 

F 

Negative 

Negative 

E. coli communior 





tropmc 

Enterococcus 

8 

FM 

52 

Hyperhemic 

Negative 

Negative 

E, coli communior 

9 

JG 

40 


P^e, Hypo- 
trophic 
Pale, Hypo- 

Negative 

Negative 

Staphylococcus 

10 

MR 



Negative 

Negative 

E. coli communior 


JC 


M 

tropluc 


B, proteus 

11 

63 

Pale, Hypo- 

Negative 

Negative 

E, coli acidi lactici 


GO 


M 

trophic 

Butyrihacterium 
(fecaloid material) 

12 

13 

44 

63 

Pale, Hypo- 
troomc 
Pale, Hypo- 

Negative 

Negative 

R. proteus 
Staphylococcus 

ID 

M 

Negative 

Negative 

E. coll communior 
Staphylococcus 


RCG 


M 

tropnic 
Rale, Hypo- 

14 

43 

Negative 

Negative 

B, proteus 



trophic 
Pale, Hypo- 

16 

AF 

75 

M 

Negative 

Negative 

E, coli aerogenes 




M 


\ Paracoli 

16 

FS 

65 

Slight con- 
gestion 
Pale, Hypo- 

Negative 

Negative 

E, coli acidi lactici 

17 

PE 

63 

mUm 

Negative 

Negative 

\ E. coli communior 




M 




\ B, proteus 

18 

GA 

62 

Pale, Hypo- 

Negative 

Negative 

\ Enterococcus 




M 

tropmc 

Butyrihacterium 
(fecaloid material) 

19 

AM 

37 

Pale, Hypo- 

Negative 

Negative 

E, coli communior 








20 

FP 

66 

Pale, Hypo- 
tropmc 
Pale, Hypo- 
tropHc 
Congestive 

Negative 

Negative 

B, proteus 


21 

AF 

46 

M 

Negative 

Negative 

R. pyocaneus 

22 

EV 

24 

M 

M 

Negative 

Negative 

Erderococcus 

E. coli communior 


23 

AS 


Pale, Hypo- 

Negative 

Negative 

R. pyocyaneus 




M 

tropmc 



R. coli communior 
Paracoli 

24 

AH 

1 


Hypotrophic 

Negative 

Negative 

R. proteus 

R. coli communior 

M 

26 

AS 

i 


Congestive 

N^ative 

N^ative 

B, pyocyaneus 
Sta^ylococcus 
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Other 

data 

a 

Bacteria 

Negative 

Negative 

Staphylococcxia 

B, cohform 

Resp. flora 
(Bireptococcus) 
it. tetragenua 

Negative 

M. catarrhalis 
Staphylococcus 

Negative 

Negative 

B. colt 

Kesp. flora 
{Streptococcus) 

M, catarrhalis 

Idem 1 

Yeast 

Negative 

Negative 

Negative 

Negative 

Negative 

Negative 

Negative 

Negative 

Negative 

Negative j 

Parasites 

Negative 

1 

i 

1 

Negative 

Nt»gative 

I Negative 

1 

Giardia 

Specimen I, II, III 

Negative 

Negative 

Negative 

Negative 

i 

Negative 

Microscopic findiags 

Cholesterol and calcium 
carbonate crystals 

Calcium carbonate 
crystals 

Calcium carbonate 
crystals 

Calcium bilirubinate; 
phosphate; carbonate 

Biliary pigm. 

Biliary salts 

Carbonate crystals 

Bilirubinate; carbonate 
crystals 

Idem 

Idem 

1 

j 

! 

Idem i 


loin loirsioioic lo la in ic lO m iq »q 

Macroscopic findings 

Specimen 1, 2 ft., bilious 
Specimen II, 4 ft., bilious 

[ 

Specimen I, 2 ft., bilious 
Specimen IJ, 4 ft., bilious 
Specimen III, 6 ft., bilious 
Specimen I, 2 ft., bilious 
Specimen II, 4 ft., bilious 
Specimen III, G ft., bilious 
Specimen IV, 8 ft., bilious 
Specimen I, 2 ft., bilious 
Specimen II, 4 ft., bilious 
Specimen III, 6 ft., bilious 
Specimen 1, 2 ft., bilious 
Specimen II, 4 ft., bilious 
Specimen III, 6 ft., bilious 

i Sijecimen 1, 2 ft., bilious 
Specimen II, 4 ft., bilious 
Specimen III, 6 ft., bilious 
Specimen I, 2 ft., bilious 
Si)ecimen II, 4 ft., bilious 
Specimen III, 6 ft., bilious 
Specimen T, 2 ft., bilious 
Specimen IT, 4 ft., bilious 
Specimen III, 6 ft., bilious 
Specimen I, 2 ft., bilious 
Specimen II, 4 ft., bilious 
Specimen III, 6 ft., bilious 

Specimen 1, 2 ft., bilious 

1 

1 . .. . 


1 


Par 

tient 

CG 

MS 

CCB 

DL 

FG 

RF 

MI 

FM 

1 JF 

[ 

MR 

JC 

CC 

ID 

Case 

No. 

1-1 cOTi< »o co 

IH tH r-« IH 



3 — Matbbial OsTAiNEa) THBouoH THB MillertAbbott Tubb {Continued) 
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Table 4 

Parasites, Yeasts, and Bacteria 



Parasites 

Yeasts 

Bacteria 

Feces 

56% 

40% 

72% B B* 

Curettage 

0% 

0% 

8%BB 

Miller-Abbott 

12% 

0% 

0%BB 


* Butyribaetenum, grsm-pogitive, non-sporulBting, anaeiobio bacteria, aa described by Chalmers. 


The profound changes which occur in the alimentary tract of per- 
sons with sprue, and the effect of folic acid therapy are shown in 
PLATES 1-7. 

Plate 1, taken 45 minutes after a patient with sprue received the 
barium meal, shows the barium column already broken. It shows the 
isolated, dilated segments and the “stack of coins” and “wheel” effects. 

Plate 2, taken in the same patient an hour after the barium meal, 
shows the striking distribution of barium into numerous, irregular- 
shaped clumps of barium which warrant the description “mouJage” of 
barium. Several x-rays taken from 2 to 3 weeks later showed similar 
findings. 

Plates 3 and 4, taken in the same patient five weeks after the 
initiation of folic acid therapy, show the alimentary tract to be essen- 
tially normal. The continuous connecting barium column is neither 
fragmented nor interrupted. 

Plate 5, taken in another case of sprue, 45 minutes after the barium 
meal, shows the barium column already broken. The alternating in- 
testinal spasm and dilatation are clearly shown. 

Plate 6, taken in the same patient only 15 minutes later, shows the 
abnormal gastrointestinal findings. Again, the barium is irregularly 
distributed in various parts of the small intestine, and there is con- 
siderable mucosal edema and spasm. 

Plate 7, taken in the same patient 34 days after the initiation of folic 
acid therapy, shows striking improvement, as e'V’idenced by the continu- 
ous barium column, less mucosal edema, and less segmentation. 

That persona with tropical sprue can be rehabilitated by the judi- 
cious use of folic acid is demonstrated by the fact that 18 of our patients, 
to whom it was administered, have been fully rehabilitated and have 
returned to work.® Following its administration, there was prompt 
blood regeneration, and the alimentary tract ftmction tended to re- 
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turn to normal. Plate 8 illustrates the stool of a patient, before and 
after folic acid therapy. Note the difference in color, texture, and 
volume. PiATES 9 and 10 are photographs of the same patient whose 
x-rays are shown in plates 1-4. Plate 9 is a photograph taken prior 
to folic acid therapy; note the extreme pallor. Plate 10 shows the 
same patient, after two months on folic acid therapy. 

SUMMARY 

1. The administration of synthetic folic acid to persons with Addi- 
sonian pernicious anemia, nutritional macrocytic anemia, and ^rue in 
relapse is followed by profound blood regeneration. Strength and 
vigor return, and a rapid and spectacular gain in weight often follows. 
On the fourth, fifth, or sixth day, the reticuloc3rte8 begin to rise, and 
peak a few days later. This is followed by an increase in the red blood 
cells and hemoglobin, as shown in piguhes 1, 2 , and 3. 

2. The hemopoietic response is associated with a great improvement 
in the altered alimentary tract function, as shown in pIiATEs 1-8. This 
improvement occurred in persons with intestinal parasitism, despite the 
fact that no anti-parasitic therapy was given, and that the parasites 
did not entirely disappear from the intestinal tract. 

3. Already, many patients with nutritional macrocytic anemia, Addi- 
sonian pernicious anemia, and sprue have been rehabilitated (plates 
9 and 10) , following the administration of folic acid, and are now back 
at work. 

4. While I realize that folic acid is not the major anti-anemia sub- 
stance present in liver extract, our observations indicate that it is effec- 
tive in producing a remission and in maintaining patients with Addi- 
sonian pernicious anemia, nutritional macrocytic anemia, and sprue. 
For persons who are sensitive to liver extract, I recommend it as a safe 
and effective substitute. 

5. Twenty-four patients with Addisonian pernicious anemia, who 
had been maintained on liver extract for several years, have been ^ven 
30 mg. of folic acid three times weekly for seven months. Their blood 
values have remained essentially the same as they were on liver extract, 
and the patients state that they feel as well as when they were getting 
liver extract. These studies are being continued. 1 do not, at this 
time, recommend that folic acid replace liver extract in the maintenance 
of persons in the day-to-day practice of medicine. We have used it 
too short a time and know too little about its effect on combined as- 
tern disease. The needed information will be procured in time. 
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Plate 1 

Patient with sprue, 4d minutes aftei banum meal showmg broken banum col- 
umn, isolated segments, and “stack of corns” and “\^heel” effectb 
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Pl4TE 2 

Same patient as seen in plate 1, one hour aftei banum meal diovting “moul- 
age" of banum 
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Plate 3 

Same patient as seen in plate 1, five weeks after initiation of folic acid therapy, 
shelving ahmentary tract essentially normal 
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FhMh 4 

Same patient ao been m pl\tl 1 fi\o weeU iftci initiation of tolio aud thciap> 
bhowing alimentaaj tiact ebbentiallj noimal 
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Plate 5 

Another patient with sprue, 45 minutes after barium meal, showing broken 
barium column and alternating intestinal spasm and dilatation. 
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Plate 6 

Same patient as seen m piate, S 16 minutes lilei, showing barium iiregulaily 
distributed in raiious parts ol small intestine, also mucosal edema and spasm 
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PL4TB 7 

Same patient as shown in pl^^te 6, 34 days after mitiation of fohc acid therapy 
Note stnkmg improvement evidenced by contmuous barium column, less mucos^ 
edema, and less segmentation. 
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Funs 9 

Photograph of patient whose "t-rays are sho^n in putes 1-4, taken prior to 
folic acid therapy. Note extreme pallor. 
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PliATS 10 

Photograph of game patient an shown in plate 9, taken after two months 
fohc acid therapy. 





THE ROLE OF CONJUGATED AND FREE FORMS 
OF FOLIC ACID IN THE CONTROL OF 
PERNICIOUS ANEMIA* 

I. CLINICAL OBSERVATIONS 

By Robert W. Heinle and Arnold D. Welch 
School of Medicine f WeUe'in Receive University, Cleveland, Ohio 

The ability of synthetic folic acid to produce remissions in patients 
with macrocytic anemia associated with megaloblastic arrest in the 
bone maiTOW has been established. This raises the question of why 
such patients should develop a deficiency of this substance. Folic 
acid is present in natural forms in many items of the daily diet, al- 
though in amounts unknown at the present time. Bacterial synthesis 
of folic acid, also, has been demonstrated to occur in the intestinal tract 
of animals, but whether this occurs in man has not been established. 
That folic acid is synthesized by normal human tissues has not been 
disproved, but no evidence for such a synthesis is available. It 
seemed possible, therefore, that some of the dietarj" forms of folic acid 
might not be effectively utilized in pernicious anemia. 

This problem presented the necessity for studying naturally occur- 
ring derivatives of folic acid, including Streptococcus lactis R factor, 
“fermentation^’ folic acid, yeast conjugate, and other natural forms of 
folic acid which occur in the diet. Streptococcus lactis R factor has 
been shown to have no folic acid activity in any animals studied to date. 
Goldsmith has reported that “fermentation’’ folic acid was effective in 
one patient with macrocytic anemia. Castle, on the other hand, was 
unable to elicit a response in two patients with pernicious anemia who 
received 2.3 mg. and 3.6 mg., respectively, of “fermentation” folic 
acid, administered with normal human gastric juice. The yeast con- 
jugate has been found to relieve folic acid deficiency in monkeys, 
chicks, and rats. It also occurred to us that other members of the 
vitamin B complex might contribute to the effect of folic acid. 

The following brief case reports are presented to demonstrate the 
response of patients to folic acid and the failure of other components 
of the vitamin B complex to augment the effect of folic acid. {See 
TABLE 1 for summary of blood findings at beginning of treatment.) 


The work described in this paper has been supported, in part, by Lederle Labotatones, Inc 

(343) 
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The first patient, E. F., with pernicious anemia in relapse, received 
daily intramuscular injections of 1 mg. of synthetic folic acid, with 
a reticulocyte response of 10.5% on the seventh day. Addition of 
pantothenic acid (100 mg. daily, intramuscularly) did not produce 
a secondary response, during a subsequent period of 11 days, nor did 
the addition of all the known members of the vitamin B complex, plus 
biotin, paro-aminobenzoic acid, choline, and inositol, produce any sec- 


Tablb 1 

Labos^iobt Findings in the Blood of Patients, Pkiob to Tbbatmbnt 
Described in Text 


Patient 

Erythro- 
cytes 
millions 
per cmm. 

Hemo- 
globin 
gm. per 
100 cc. 

Leuco- 

cytes 

per 

emm. 

Hemato- 

crit 

M.C.V.* 

C.M 

M.C.H.t 

TT 

M.C.H.C.t 

per cent 

EF 

1.37 

5.6 

10,400 

17 

124.0 

40.9 

32 0 

BD 

1.19 

5.1 

1,800 i 

16 

134.5 1 

42.8 

31.8 

JD 

1.26 

6.6 

1,950 

17 

135.0 1 

52.2 

38.8 

EH 

1.28 

5.1 

5,200 

16 

123.0 

39.8 

31.8 

LP 

1.02 

4.2 

5,200 

12 

117.6 1 

41.1 

35.0 

NB 

1.49 

5.0 

1,750 

15 

100.5 1 

33.6 

42.4 

LM 

1.57 

6.3 

3,850 

20 

127.5 

40.1 

31.5 


* =* mean cotpusculai volume. 

t mean corpuscular hemoglobm. 

i » mean corpuscular hemoglobin concentration 


ondary response, during a third period. Erythrocytes, hemoglobin, and 
blood platelets increased in number throughout the periods of treat- 
ment. Leucopenia was never present in this patient. 

Another patient, B. D., had a marked macrocytic anemia with a 
megaloblastic an^est in the bone marrow, induced by dietary deficiency 
associated with morphine addiction. Administration of daily intra- 
muscular doses of 2.5 mg. of synthetic folic acid for 10 days pro- 
duced a reticulocyte response of 18.9% on the fifth day. Addition of 
pantothenic acid (100 mg. daily, intramuscularly), during a sub- 
sequent 8-day period, failed to produce a detectable secondary response, 
as did addition of the known members of the vitamin B complex, plus 
biotin, pom-aminobenzoic acid, choline, and inositol, during a third 
period of 10 days. Erythrocytes, hemoglobin, white cells, and platelets 
increased steadily throughout the test periods. 

A patient, J. D., with pernicious anemia in relapse, received daily 
intramuscular injections of 1 mg. of synthetic folic acid. A reticulo- 
cyte peak of 13.2% occurred on the sixth day. Addition of known 
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members of the vitamin B complex, plus biotin, choline, inositol, and 
pora-aminobenzoic acid, during a subsequent 10 day period, did not 
elicit a detectable secondary response. 

A patient, E. H., with pernicious anemia in relapse, received daily 
intramuscular injections of 6 mg. of synthetic folic acid for 10 days, 
with a reticulocyte peak of 19.8% on the eleventh day. Addition of 
xanthopterin (60 mg. daily, by mouth), during a second period of 
13 days, did not produce a detectable secondary response. During a 
third period of 10 days, the patient received daily intramuscular injec- 
tions of 100 mg. of synthetic folic acid, with a questionable, small, 
secondary response. There was a rapid increase in erythrocytes, hemo- 
globin, blood platelets, and white cells. 

A patient, L. P., with pernicious anemia in relapse, was of especial 
interest, because of failure to respond to synthetic folic acid as well 
as anticipated. Dming a fii'st period of 10 days, she received 1 mg. 
of synthetic folic acid daily, intramuscularly, with a reticulocjdie peak 
of only 4.2%. During a second period of 11 days, daily intramuscular 
injections of 6 mg. of synthetic folic acid produced a second, ques- 
tionable response of only 3.0^. During a third period of 11 days, 
daily intramuscular injections of 12 mg. of synthetic folic acid pro- 
duced a reticulocyte response of only 3.6%. During a fourth period 
of 10 days, daily injections of 12 mg. of synthetic folic acid were 
continued, and the patient received 36 mg. of xanthopterin daily, 
by mouth, in addition. A small, but clear-cut, reticulocyte response of 
2.9%) occurred during this period, suggesting that xanthopterin aug- 
mented the effect of the folic acid. Er 3 dihrocytes and hemoglobin were 
increasing slowly during this time. The platelets and white cells in- 
creased in number. During a fifth period, however, daily intramus- 
cular administration of 15 units of purified liver extract (Armour) pro- 
duced a prompt and theoretically maximal reticulocyte response of 
13.2% on the fifth day of the period. 

Lack of availability of the yeast conjugate delayed study of this 
substance until recently, when Dr. J. ,1. Pfiffner Idndly supplied us 
with limited amounts. The prompt response of patients to synthetic 
folic acid suggested that the defect in hematopoiesis might reside in the 
inability of such patients to utilize conjugated forms of folic acid. 
That normal human gastric juice, fed together with beef muscle and 
other sources of “extrinsic” factor, will produce a hematopoietic re- 
sponse, is well known. It occurred to us, therefore, that conjugated 
forms of folic acid might be the “extrinsic” factor. Incubation of yeast 
conjugate with normal human gastric juice at pH 7.0 and at pH 4.6, 



346 


ANNALS NEW YORK ACADEMY OF SCIENCES 


however, failed to cauae any liberation of free folic acid (L. cas&i fac- 
tor) from the yeast conjugate. 

This was also tested in two patients with pernicious anemia. The 
first patient. N. B., received 1 mg. of yeast conjugate by mouth daily, 
for 10 days, with no response. During a second period of 11 days, 
100 cc. of normal human gastric juice were administered with the yeast 
conjugate, again without response. During a third period of 11 days, 
the patient received a daily oral dose of 0.35 mg. of synthetic folic 
acid, an amount equivalent to the conjugate administered previously, 
since yeast conjugate has a molecular weight 2.8 times that of synthetic 
folic acid. On the tenth day, a small, but undeniable, reticulocyte re- 
sponse of 4.2% occurred. Subsequent daily treatment with 5 mg. of 
synthetic folic acid by mouth produced a reticulocyte response of 
14 2%, with rapid rise in erj'throcytes and hemoglobin. 

The second patient, L. M , received daily intramuscular injections 
of 085 mg. of synthetic folic acid, during a fii-st period of 10 days, 
with a delayed and small reticulocyte response of less than 3.0%. 
During a second period of 12 days, she received daily intramuscular in- 
jections of 2.5 mg. of yeast conjugate, a dose equivalent to the pre- 
ceding treatment with synthetic folic acid, again based on the fact that 
yeast conjugate has a molecular weight 2.8 times that of synthetic folic 
acid. There was no reticulocyte response. That no response occurred 
indicated only that the conjugate was no more active than an equiva- 
lent amount of the synthetic folic acid. The patient was then given 
the entire remaining amount of conjugate available, 30 mg., in a 
single dose No reticulocyte response occuri'ed. After 12 days, a 
single equivalent dose of 11 mg of synthetic folic acid was given 
intramuscularly, and a prompt reticulocyte response of 6.1% occurred. 
Subsequent daily intramuscular doses of 20 mg. of synthetic folic 
acid caused a theoretically maximal reticulocyte response of 26.8% to 
occur. 

It was demonstrated in both of these patients, therefore, that the 
yeast conjugate was not utilized, whereas an equivalent amount of syn- 
thetic folic acid produced a hematopoietic response. In the first pa- 
tient, further, addition of normal gastric juice did not enable the pa- 
tient to respond to yeast conjugate, indicating that yeast conjugate has 
no extrinsic factor activity. 



11. BIOCHEMICAL ASPECTS 

By Arnold D. Welch, Robert W. Heinle, Evelyn M. Nelson, 
AND H. Victor Nelson 

School oj Medicine, Western Beserve University, Cleveland, Ohio 

In addition to the failure of conjugated folic acid of yeast to produce 
a clinical response in pernicious anemia, there is other evidence of a 
biochemical defect in the utilization of this material. Observations 
on the excretion of the L. casei factor have disclosed that only traces 
appear in the urine of normal individuals on ordinary diets; this excre- 
tion approximates 2 to 4 micrograms per day. When synthetic folic 
acid (L. casei factor) is administered parenterally, from 15 to 75% 
of the dose usually appears in the urine within 24 hours. 

In the patient given daily intramuscular injections of 2.5 mg. of vita- 
min Be conjugate, there was no appreciable augmentation of the basal 
urinary elimination of the L. casei factor; of the injected doses, in 
terms of L. casei factor, only 1%, on the average, appeared in the 
urine daily. On the previous dosage regime, 0.85 mg. of synthetic folic 
acid per day, the patient had excreted approximately 15% of the daily 
dose. Following the administration of the single intramuscular dose 
of 30 mg. of conjugate, none of the material was found in the urine, 
either in the free or in the conjugated form. However, a dose of the 
equivalent amount (11 mg.) of synthetic folic acid not only caused a 
clinical response, but also resulted in the excretion of approximately 
4.1 mg. of the L. casei factor during the following 48 hours. 

It is clear, therefore, that, in these patients with pernicious anemia, 
the conjugated folic acid of yeast is not broken down appreciably to 
release L. casei factor, and its failure to appear as such in the urine 
suggests that it is either destroyed or, more probably, stored in the 
tissues. 

Although conjugated folic acid appears to be utilized effectively by 
chicks, rats, and monkeys, it is necessary to offer proof that human sub- 
jects without pernicious anemia can make use of such materials. Since 
a patient with a purely nutritional deficiency of folic acid was not avail- 
able, the ability of a normal subject to metabolize the yeast conjugate 
was demonstrated by a study of the urinary excretion of the L. casei fac- 
tor, following dosage with the conjugate. A normal human subject, 
whose output of L. casei factor in the urine was known consistently to 
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approximate 3 microgi’ams per day, was given intramuscularly 800 
micrograms of synthetic folic acid on each of two successive days. Of 
the material injected, 10 and 22 per cent, respectively, was excreted in 
the urine, with a prompt return of the urinary output to the basal level, 
3 micrograms, on the following day. The subject was then given intra- 
muscularly an approximately equivalent amount of yeast conjugate, 
2800 micrograms, daily for two days. These injections resulted in the 
appearance in the urine of 84 and 82 micrograms of the L. casei factor, 
8.4 and 8.2 per cent, respectively, of the theoretical amounts capable 
of being released from the conjugate. 

It is e\ddent that the conjugases of the normal human subject, in 
contrast to those of the patient with pernicious anemia, released con- 
siderable amounts of folio acid from parenterally administered yeast 
conjugate. 

A logical deduction to be made from these data might be that the 
anti-pernicious anemia factor is concerned with the liberation of folic 
acid from its naturally occurring conjugates, and that the failure to 
maintain adequate hematopoiesis on the normal dietary intake of folic 
acid-containing substances is due to a deficiency in the utilization of 
the conjugated materials, which are utilized by normal human subjects. 

Many experiments have been conducted in vitro on the conjugate 
content and conjugase activity of the sternal bone marrow of patients 
with pernicious anemia and of normal human subjects. The conjugase 
activity of this material, at pH 4.5, but not at pH 7.0, on some occa- 
sions, has been augmented as much as 2^-fold by the addition of suffi- 
cient 15-unit, liver extract (Lederlel to supply about 0.1 unit, or approx- 
imately 0.7 mg. of total solids; smaller amounts have not yet been 
studied. Although this effect of liver extract in vitro has been ob- 
served in several instances, the phenomenon is not regularly observed, 
and no definite claim for its significance can now be made. Con- 
ceivably, liver extracts may contain a factor concerned with the func- 
tion of certain conjugases, either directly (prosthetic group or co- 
factor) or indirectly (by influencing the rate of removal of an inhibi- 
tory effect on the enzyme) . Although the evidence now available can 
only be considered to suggest this possibility, preliminary observations 
indicate that the injection of highly purified liver extracts, containing 
less than 0.1 microgram of folic acid per unit of anti-pernicious anemia 
activity, cause a slight, but definite, increase in the urinary excretion 
of L. casei factor. This effect of liver extracts has not been observed 
in normal subjects. 

From the experiments described, it is not possible to conclude that 
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the so-called pH 4.5-coiiiugase is deficient in pernicious anemia. How- 
ever, in conjunction with tiro failure of the yeast conjugate to pro- 
duce any measurable clinical response in the doses used, or to be ex- 
creted in the urine of pernicious anemia patients, either as free or as 
conjugated L. casei factor, these findings in vitro support the concept 
that a biochemical defect in the metabolism of conjugated folic acid ex- 
ists in pernicious anemia. Should further studies of various fractions of 
liver indicate a definite relation of the anti-pernicious anemia factor 
to the function of the conjugase studied at pH 4.5, a means for the 
assay in vitro of the anti-pemicious anemia activity of liver extracts 
might be afforded. 

Whetlier this possible role of the anti-pernicious anemia factor is its 
only function, cannot now be stated. In patients who responded poorly 
to parentcrally administered synthetic folic acid, it is conceivable that 
folic acid was excreted with abnormal rapidity, or was inactivated to 
an extent greater than in more responsive cases. However, the effec- 
tiveness of liver extract in one folic acid-refractory patient suggests 
that factors of liver extract are also concerned with functions other than 
the release of folic acid from its conjugates. 

In opposition to the attractive hypothesis that the anti-pernicious 
anemia factor is concerned with the synthesis of folic acid in the body, 
is the fact that very large doses of anti-pernicious anemia factor are 
quite ineffective in the folic acid-deficient monkey (Day and co- 
workers), rat (Daft and Sebrell), and chick (Stokstad and Jukes). 
That folic acid is a precursor of the anti-pemicious anemia factor ap- 
pears unlikely, in view of the fact that many of the properties of the 
two materials appear to be quite different, and the best evidence sug- 
gests that highly purified anti-pemicious anemia factor does not con- 
tain a pterin ring (SubbaRow), and does not yield an aromatic amine, 
such as p-aminobenzoic acid, on hydrolytic cleavage (Stokstad). 

The conjugates of folic acid which occur in the diet, althou^ utilized 
by normal subjects, appear to be inadequately utilized when a defi- 
ciency of tlie anti-pernicious anemia factor exists. The most reason- 
able hypothesis, based on tlie data presented, suggests that highly puri- 
fied liver extracts may supply a substance that is directly or indirectly 
concerned witli the function of at least one of the enzymes which lib- 
erate L. casd factor from naturally occurring conjugates of the vitamin. 
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INTRODUCTION TO THE CONFERENCE 
By William A. Hagan 

New York State Vetennary College, Cornell University, Ithaca, N. Y. 

This publication is entitled, “The Relation of Diseases in the Lower 
Animals to Human Welfare.” Actually, the authors of the various 
papers that are to follow will consider only one aspect of the matter, 
that is, the diseases of animals that are more or less directly transmis- 
sible to mankind. 

In order tliat another important aspect of this relationship may not 
be wholly overlooked, I wish to refer to it here. I want to point out 
that animal diseases also affect the welfare of mankin d through their 
serious economic effects. 

Our agricultural industiy is the source of our food supply. In this 
industry, there are more people concerned with animal husbandry, and 
the financial investment in animals in this branch is larger, than in all 
the rest of the industry combined. Several millions of our citizens de- 
pend upon the breeding and raising of farm animals as their means of 
livelihood, and these are profoundly affected by the toll taken by dis- 
ease. When nearly half of the pigs that are born die before they reach 
marketable age, and this is true in our country, the ones that are mar- 
keted must bear the cost of those that are not. The grain fed to animals 
that die prematurely is lost, but the public must pay for it in increased 
cost of the animal products that they have a chance to purchase. When 
approximately one-quarter of the adult chickens die from disease each 
year, and this is the case, the public must pay correspondingly more 
for poultry, meat, and eggs. When one cow out of every four or five 
suffers from infliunmation of the mammary glands (mastitis) , the milk 
supply is reduced, and tlie price increased proportionately. 

The economic aspects of these problems are of particular concern 
to those who arc interestefl in human health, because meat, milk, butter,* 
cheese, eggs, and other foods made from them, are the so-called protec- 
tive foods. They are relatively e.xpensive foods, and a considerable part 
of the cost is related to the disease losses. Because they are expen- 
sive, great numbers of our people cannot afford these items in their 
dietary in sufficient amounts. Many studies made just before and dur- 
ing the late war have revealed that human malnutrition is far more 
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common than it should be. Many thousands, and perhaps millions, 
have received nutritionally adequate diets for the first time in their 
lives in the armed forces during the last several years, and the effects 
of it have been truly astonishing. 

The total losses from animal diseases in the United States are prob- 
ably smaller than in any other major country in the world. These 
losses are often calculated from the number of deaths, but it is very 
obvious that death losses represent only a fraction of the total. The 


Table 1 

CJosT OP Vaeious Livestock Diseases Estimated fob 1&42 


Disease 


Cost 


Internal parasites 
External parasites of poultry 
Cattle grubs 

Poultry diseases (exclusive of tuberculosis and those 
caused by parasites) 

Brucellosis of cattle (Bang’s disease) 

Mastitis, bovine 
Hog cholera 

Tuberculosis (cattle, swine, poultry) 

Brucellosis of swine 
Stable flies and horn flies 
Screwworms 

Cattle and sheep scabies 
Encephalomyelitis, equine 
Erysipelas, swine 
Anthrax 
Johne’s disease 
Hemorrhagic septicemia 
Goat lice 
Cattle tick fever 
Rabies 

Anaplasmosis 

Total 


$125,000,000 

85.000. 000 

65.000. 000 

40.000. 000 

30.000. 000 

19.000. 000 

12.500.000 

10.500.000 

10.000. 000 
10,000,000 

5.000. 000 

1 . 000 . 000 
1 , 000,000 
1 , 000,000 

760.000 

600.000 
600,000 
600,000 

400.000 

250.000 

100.000 

$418,000,000 ' • 


principal losses, today, are from various kinds of parasitisms which 
drain the vitality of our animals and lessen their production, without 
actually killing them. In other words, the losses chargeable to mor- 
bidity are much greater than those that can be charged to mortality. 

Actually, we do not have any accurate estimates of our total losses 
Trom animal diseases, because we do not yet have an adequate report- 
ing system such as that which has been developed by our public health 
authorities. This is needed, and it is hoped that a nationwide sys- 
tem will soon be established. The Bureau of Animal Industry, U. S. 
Department of Agriculture, has collected data on a few of these dis- 
eases and has made estimates of others. In the Yearbook of the De- 
partment of Agriculture for 1942, the Bureau presents a tabulation 
of their data and estimates (table 1) . 
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In this table, it is to be noted that the estimated losses from animal 
parasitisms amount to about $290,000,000, or 69 per cent of the total. 
These losses are largely due to morbidity, since the death losses repre- 
sent a small proportion of the total. It can be determined from this 
table, furthennoro, that chronic infectious diseases are charged with 
losses amounting to about $70,000,000, or about 17 per cent of the 
total. This leaves about 15 per cent of the losses to be attributed to 
acute fatal diseases, and more than three-quarters of this loss is charged 
to a single disease, hog cholera. 

In 1942, the Department of Agriculture estimated the total value 
of the country’s livestock, including poultry, at $7,008,411,000. If 
we accept the Department's estimates for the total value of both the 
stock and the disease losses, we find that the latter amounts to about 
0.6% of the former. I believe that this relationship is greatly under- 
estimated. Since the total value of livestock is estimated by methods 
which are reasonably accurate, and the disease losses are figured by a 
method which a popular magazine calls “guesstimation,” it seems likely 
that the latter are far too low. In other words, instead of there being 
a total annual loss of 400 million dollars it is far more likely this ex- 
ceeds 1 billion dollars. Whatever the losses may be, it is clear that 
disease entails a heavy economic burden upon tlie industry. 

It is obvious that the great animal plagues of the past, and of other 
parts of the world at present, are no longer of great concern to us. 
Some of the more deadly of these, such as the oriental cattle plague 
(rinderpest) have been kept away from our shores by the efficient 
veterinary police system of our Federal government. Foot and mouth 
disease and fowl pest have been successfully stamped out whenever 
they hurdled our quarantine barriers. Bovine piroplasmosis (Texas 
fever) and contagious pleuropneumonia, which became established in 
this country before the development of veterinary science, have been 
eradicated. Bovine tuberculosis, which was imported from Europe 
during the 19tii century and which had become well established by 
1920, has been almost eliminated. Among our domestic animals, hog 
cholera is our most destructive and most costly disease of the acute, 
epizootic type. However, this disease could be kept under control, if 
the swine raisers would regularly immunize their stock by methods 
that are well established and effective. We still have some acute, in- 
fective diseases of poultry, but most of these can be controlled, when 
owners are educated to do so. 

The life span of most of our domestic animals is short in comparison 
with that of man. The cost of individual inomunization, in comparison 
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with the value of the animal, often is relatively high. This is the prin- 
cipal reason why many of our animals are not regularly immunized 
against well-recognized disease dangers. Owners are always faced 
with the temptation to “take a chance,” in order to avoid the im- 
mimization costs. The total cost of this philosophy is much higher 
than that of regular immunization, but so long as some owners usually 
escape the penalty and as long as human nature is as it is, we will have 
to expect such losses. These losses are greatest in poultry and swine, 
animals whose life spans cover only a few months, as a mle, and whose 
unit value is comparatively small. 

The control of infectious diseases of animals, contrasted with con- 
trol of those of man, is easier in some respects and more diflScult in 
others. In dealing with animal diseases that are highly contagious, 
it is possible, for example, to destroy centers of infection by destroying 
the infected animals. This advantage has made it possible for veteri- 
narians to make much laster progress in eradicating tuberculosis than 
has been possible with the same disease of man. This method has also 
made it possible, repeatedly, for us to stamp out foot and mouth dis- 
ease. Another advantage that the veterinarian has, is that animals 
can be kept under much better conti'ol than human beings. Most 
animals live most or all of their life spans on single farms, having 
intimate relations only with other animals living on the same prem- 
ises. If they are shipped around from one state to another, they must 
be accompanied by health certificates indicating that they are free 
from disease. On the other hand, a man known to be tuberculous, even 
a dangerous spreader, finds little or nothing to prevent his coming and 
going as he pleases, spreading his disease as he goes. 

These advantages of the veterinary public health officer over his 
colleague in the human field are offset by some disadvantages. The 
sanitary habits of animals are not all that can be desired. Fecal and 
urinary contamination of food cannot be prevented, particularly when 
animals are on pasture. Animals eat their food from the gi’ound, and 
they drink from any available source of water. Within herds and 
flocks, animals have more intimate contacts with other animals than 
generally occurs among men. Furthermore, persons that are ailing 
usually are aware of the fact, and are likely to seek medical advice. 
Ailing animals do not always complain clearly enough for the owners to 
recognize the fact that they are not well. Even if it is recognized that 
they are not well, many owners do nothing about it until the symptoms 
become alarming, and often not even then. Except for pet animals, live- 
stock owners have little sentiment for their charges. For the most 
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part, veterinary medicine has to be governed purely by economic con- 
siderations. Whereas a physician, having done a successful appendec- 
tomy upon a $10 man, may often collect a $100 fee for his services, a 
veterinarian who has saved a $100 cow by removing a metallic object 
which is perforating the diaphragm and the pericardium through the 
wall of the second stomach, is often lucky if he can collect a $10 fee 
for his services. 

Another aspect of veterinary medicine for which there is no counter- 
part in human medicine, is the occasional situation where it is considered 
more economical by the owner to accept anticipated disease losses, 
rather than to take precautions which will reduce or eliminate them. 
This sometimes happens in the broiler industry, or in thfe business of 
raising ducklings. These businesses depend upon large volume. Large 
numbers of young birds are kept in small batteries or other enclosures 
for a few weeks, while they are being fed intensively to bring them to 
marketable size in as short a time as possible. These methods are 
economical of high-priced labor; but they are very unsanitary, as a rule, 
and very substantial disease losses are accepted as a normal part of 
the business. The problem of disease control in these industries is 
purely one of economics, that is, no precautions will be taken unless 
the owner believes that the number of birds saved by them will more 
than offset the increased cost of labor and other materials required 
to carry them out. 

Among the agents which cause the infectious diseases of animals, in- 
cluding man, we have some that are infective for only a single species, 
others that affect only a few species, and others which affect many. 
Among viruses, that of rabies affects nearly every species of mammals, 
that of canine distemper affects dogs, foxes, and ferrets, and that of 
hog cholera affects only swine. Among the bacteria, we have the 
Gonococcus which affects man only, the organism of glanders which 
affects members of the human, horse and cat families, and the anthrax 
bacillus which affects practically all warm-blooded species. Generally, 
the protozoa are more host-specific than the other agents. Most pro- 
tozoa are limited to a single host species, as, for example, the malaria 
parasites of man, and the various coccidia of animals. Tfypanosoma 
evansi, the cause of the destructive oriental disease known as surra, 
attacks horses, cattle, camels, elephants, and dogs. The tr 3 rpanosome 
of nagana, which occurs in Africa, likewise affects many species, 
whereas dourine, caused by a closely related species of trypanosome, is 
found only in members of the horse family. The worm parasites of 
animals, for the most part, have specific definitive hosts; but we have 
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exceptions such as the TrichinelUi spiralis which attacks swine, rats, 
and man. Quite often, these parasites, both macroscopic and micro- 
scopic, are found most frequently in certain hosts because of accidental 
cii’cumstances, or because -the mode of life of one animal species sub- 
jects it to infection more frequently than others. In the interchange of 
diseases from one species to another, man is often involved. In this 
exchange, man usually becomes infected by contact with the lower 
animals. Although it happens less frequently, man sometimes acts as 
the source of infection for animals. Thus, recently vaccinated persons 
have been known to cause outbreaks of vaccinia in cattle, certain types 
of ringworm infection of animals have been contracted from man, and 
cattle are sometimes infected by persons suffering from pulmonary 
tuberculosis. 

In some instances, animals and man contract their infections from 
the same source, and neitlier is a source of infection for the other. This 
is true of the infections with anaerobic organisms which have their 
reser^’oir in the soil. In other cases, infectious diseases have their 
reservoirs in the lower animals and man is infected only incidentally. 
The virus of rabies, for example, is not known to propagate, or even 
to survive for long, outside the nervous tissue of infected animals. This 
raus is propagated by continuous passage in the carnivorous animals, 
since these species, wdien rabid, tend to bite other animals and thus 
pass the wus along to others in their infective saliva, which enters the 
bite wound. Herbivorous animals and man, when rabid, have infec- 
tive saliva. However, since they do not ordinarily bite others, they do 
not transmit the disease, and the virus dies with them. The problem of 
controlling rabies in man depends upon the eradication of the ani- 
mal reservoir. "When this reservoir has been drained, the danger to 
man will have been eliminated. This is true also of brucellosis, trich- 
inosis, glanders, anthrax, and a host of other infections. 

As to the modes of infection of man from the animal reservoirs, one 
or more of the following routes are followed: 

1. Transmission by direct contamination with the infected secre- 
tions or excretions of diseased animals. This may occur while 
the animal is living, or after it has died or been slaughtered. Many 
of these diseases are occupational hazards, that is, they occur prin- 
cipally in persons whose business brings them into frequent and 
close contact with stock on farms, or with animal carcasses in 
slaughterhouses. 

2. Transmission by the ingestion of uncooked or inadequately cooked 
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flesh of diseased animals. Our excellent meat inspection system 
in the United States provides considerable protection against hu- 
man infections by this route. However, this protection is not per- 
fect by any means, and, furthermore, it should be remembered 
that at least one-third of our meat supply comes from sources that 
are not inspected by the Federal organization. A good deal of 
this fraction is not inspected by any agency. 

3. Transmission to man through the ingestion of raw or imperfectly 
pasteurized milk. 

4. Transmission to man from the diseased animals through inverte- 
brate vectors such as blood-sucking flies, fleas, lice, and ticks. 

I do not have any idea of the total number of diseases of lower ani- 
mals that represent direct health hazards to man. I do know that 
they number far more than can be discussed in a conference of this 
sort. Those that will be discussed hero were selected more or less arbi- 
trarily, to represent a cross-section of the field. The person invited to 
report on each topic is a research specialist who has worked with the 
disease that he discusses, and is an authority in his field. A group of 
persons, equally competent, has been invited to comment and elabo- 
rate on each of these papers. I present the program which follows with 
confidence that the topics will be fully and authoritatively developed. 




RABIES* 

By Harald N. Johnson 

International Health Division, The Rockefeller Foundation, New York, N. Y. 

INTRODUCTION 

The dog was probably the first of the animals to be domesticated by 
man. Primitive man found many uses for this animal. Dogs were 
kept for food and protection, as pets, and as beasts of burden. They 
were trained to assist hunters in procuring wild game, and, as other 
animals were domesticated for food and as beasts of burden, dogs were 
found useful in protecting such livestock from vild animals and thieves. 
Our modern working dog represents centuries of breeding to develop 
particular abilities and skills. The strong affection between man and 
dog has increased through the ages, and no other animal enjoys such 
universal regard and intimacy in human society. 

The popular opposition to measures restricting the liberty of dogs 
makes it difficult to eradicate rabies, which is the only significant dis- 
ease of dogs to which man is susceptible. Scarcely any other disease 
is as vulnerable to specific sanitary measures. Vectors other than 
the dog have played but a minor part in the propagation of the dis- 
ease in this country. Rabies is limited, largely, to urban or other 
thickly settled regions, particularly those where dogs are allowed the 
freedom of the streets. Under such conditions, rabies, once introduced, 
is apt to attain epizootic proportions. 

The gradual increase in the prevalence of rabies in the United States 
is due to the lack of concerted action in combating the disease. Rabies 
has been eliminated from many communities, but in tlie absence of any 
restrictions on the movement of dogs from an area infected with ra- 
bies, the disease is apt to be re-introduced. Though less than 100 
persons die of rabies each year in this country, the horrible and in- 
variably fatal character of the disease, once it develops, and the men- 
tal anguish suffered by the thousands of persons bitten by rabid dogs, 
make this one of our most feared and publicized diseases. 

* The studies and observations herein reported were conducted with the support and under the 
ausp ces of the International Health Division of The Rockefeller Foundation and the Alabama 
State Board of Health 
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DEFINITION 

Rabies is an acute specific infection of the central nervous system, 
caused by a filterable virus. The disease is customarily propagated 
in dogs and related animals, such as the wolf, fox, coyote, and jackal. 
Man and all warm-blooded animals are susceptible to the disease. The 
virus is often present in the saliva of rabid animals, and the usual 
mode of transmission is by means of a bite and the contamination of 
resulting wounds with infected saliva. 

EPIDEMIOLOGY 

Rabies has been recognized as a specific disease since before the 
Christian era. It is world-wide in distribution and, with the excep- 
tion of Australia, no major land mass has remained free of the disease. 
Prior to the development of modern civilization, the disease was main- 
tained among wolves and wild dogs, and relatively few persons were 
exposed. With the advance of civilization over the continental areas, 
such wild animals decreased and domestic dogs increased in number. 
At present, the disease is localized, primarily, in densely populated 
regions where there arc many domestic dogs. 

Prior to the discover}^ of the nature of the causative agent of rabies, 
it was found possible to eradicate^ the disease by sanitary measures 
applied to dogs. The disease appeared in Denmark, Norway, and 
Sweden, during the first part of the 19th century, but within a few 
years, these countries were freed of rabies by strict quarantine meas- 
ures for dogs. The Scandinavian countries have remained free of 
rabies since that time, due to enforcement of an extended quarantine 
period for imported dogs. Rabies was likewise eradicated from Great 
Britain in 1903, after several years of increasingly vigorous enforce- 
ment of dog quarantine regulations. Rabies was introduced again into 
Great Britain in 1918, when a dog, or dogs, illegally imported by a 
demobilized soldier, and others, re-introduced the disease. By 1922, 
Great Britain was free again of rabies, and no further outbreaks have 
occurred. In order to prevent re-introduction of rabies. Great Britain 
enforces a six-months’ quarantine for imported dogs. There are special 
provisions for working dogs, which may be allowed entry under police 
supervision. It is significant that during the period 1919-1939, six- 
teen dogs developed rabies while under quarantine. One dog, held for 
an additional period because of possible exposure in another country, 
developed rabies six months and twenty-four days after arriving on the 
island. The six months’ quarantine provision has prevented the in- 
troduction of rabies into Australia. 



JOHNSON: BABIES 


363 


There is no evidence to indicate that the disease existed in North 
America prior to colonization. Historical archives of Virginia con- 
tain references to rabies as early as 1763, and those of North Carolina 
as early as 1762. The disease is not known to have been present in 
Massachusetts prior to 1768. 

Rabies became prevalent among dogs throughout New Fingland 
during the years 1770-1785, and by 1860 the disease had invaded most 
of the states cast of the Mississippi River. California appears to have 
been free of rabies until 1899. 

At intervals, rabies has become established in wild life in North 
America. Epizootics are apt to occur where fortuitous circumstances 
have allowed wild animals, such as the fox, coyote, and skunk, to be- 
come abundant in a region where rabies is enzootic in dogs. The dis- 
ease assumed epizootic proportions among loxes, in Massachusetts in 
1812, in Alabama in 1890, and in Alaska in 1916. During the past 
seven years, there have been epizootics oi iox rabies in North and 
South Carolina, Georgia, Alabama, Mississippi, and Louisiana, and the 
disease has been identified among foxes in sixteen other states. Epi- 
zootic coyote rabies was reported in Northein IMexico in 1892, in Cali- 
fornia, Nevada, and Oregon in 1915 and 1916, and in New IMexico in 
1943. Epizootic skunk rabies appeared in Kansas in 1875, and in Ari- 
zona in 1907. When the affected species is abundant over a large area, 
the disease is apt to persist for years, and a large variety of wild ani- 
mals may be found infected with rabies. In Nevada, the disease was 
not eliminated from wild life until 1931, and it was necessary to destroy 
89,759 coyotes, bobcats, and lions, and 9,424 miscellaneous types of 
wild animals, before this was accomiilished. 

Table 1 


llcroiCTUu C isBs or R iBinx in the Unito) biATEh, 1938-1944 ‘ 


Year 

Dogs 

C^attle 

lloi’hCb 

Sheop 

Swine 

Cats 

Goats 

Other 

animalb 

Man 

Total 

1938 

8,452 

413 

32 

164 

42 

207 

11 

44 

47 

9,412 

1939 

7,386 

358 

36 

17 

38 

269 

10 

172 

30 

8,316 


6,194 

326 

25 

53 

71 

260 

4 

277 

28 

7,238 

1941 

6,648 

418 

39 

68 

159 

294 

9 

212 

30 

7,877 

1942 

6,332 

288 

15 

48 

32 


12 

160 

28 

7,166 

1943 

8,516 

349 

35 

45 

60 

316 

19 

310 

41 

9,690 

1944 


561 

32 

40 

43 

419 

14 

311 

53 

10,640 


The incidence of rabies in the United States is increasing. Table 
1 shows the reported cases of rabies in man and animals for the years 
1938-1944. This information was obtained by the Bureau of Animal 
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Industry of the U. S. Department of Agiiculture, by means of a ques- 
tionnaire sent annually to the Directors of State Public Health and Live 
Stock Sanitary Departments. 

With few exceptions, the reporting ol rabies in animals is limited to 
those diagnosed by laboratory examination. The true incidence of the 
disease is much higher. 

Climate and season have no particular influence on the mainte- 
nance or spreading of rabies. The disease has been reported from 
the arctic to highly tropical regions. Epizootics of rabies may, and 
do, occur at any time of the year. Enzootic rabies is characterized 
by increased • activity in the late winter and spring. This may be 
due to the fact that stray dogs, which ordinarily maintain the dis- 
ease, become bolder and range farther at this time of the year, in search 
of food and mate. 

Periods of rapid geographical distribution oi rabies are associated 
witli wars and migi-ations of people. Rabies has disappeared in most 
sections of the United States where the countiy-side is sparsely settled 
and wild canines are kept at a minimum by bounty provisions. 

Human infection with rabies, in the United States, is due almost en- 
tirely to bites by rabid domestic dogs and cats. Otiier animals account 
for less than 2 per cent of human infections. Since the introduction 
of the preventive vaccine treatment for rabies in 1886, it has not been 
possible to determine the attack rate for the disease among unvac- 
cinated persons bitten by rabid dogs. The most extensive study of hu- 
man mortality from rabies prior to the introduction of the vaccine treat- 
ment is that of Schuder, who noted 1,325 deaths in a group of 14,959 
persons bitten by rabid animals, an attack rate of 9 per cent. The 
location of the bite is an important factor in the susceptibility to the 
disease, Kraus, Gerlach, and Schweinhurg reported a mortality 
of 11 per cent for children bitten on the head by rabid dogs. The 
comparable figure for adults was 3 per cent. These figures are for ab- 
solute mortality among persons given the vaccine treatment. The site 
and severity of bite wounds greatly intiutnee the chance!' ot infection 
Exposure in areas of abundant innervation, such as the eyes, lips, and 
finger tips, is most apt to be followed by infection. Deep wounds, in- 
volving muscle tissue, are equally dangerous. Face bites are often 
severe, particularly in the case of children bitten by rabid dogs. Re- 
moval or destfuction of the ■v'irus introduced into such wounds is 
very difficult. The incubation period of rabies, following such expo- 
sure, is apt to be short, so that there is not sufficient time to develop 
immunity bj' vaccination. Children appear to be more susceptible to 
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infection than adults, and among experimental animals it has been 
noted that susceptibility to peripheral exposure decreases with aging. 

ETIOLOGY 

The causative agent of rabies is an ultramicroscopic, filterable virus. 
The size of the individual infectious unit has been estimated at 100 to 
150 milliraicronb. This figure was obtained by filtration of rabies 
fixed virus through graded collodion membranes. The virus is not 
readily filterable, although it passes through porous filters which with- 
hold common varieties of bacteria. 

The virulence of infected brain tissue or saliva decreases rapidly 
when exposed to diying under ordinary atmospheric conditions. Ra- 
bies virus is veiy bensitive to sunlight or artificially produced ultra- 
violet light. Water bUbpensions of brain tissue infected with rabies 
fixed virus are inactivated in four to five days at 37° C., in one hour 
at 52 to 58° C., and in two minutes at 100° C. Likewise, the virus in 
the brains of animals dead of rabies is inactivated rapidly during hot 
weather. The loss of viinilence due to*exposure to drying must be caused 
largely by hydrolybis and oxidation, as with modern methods of quick 
freezing and drying in vacuum, a completely dry preparation of high 
virulence is obtainable. Rabies virus preserved by this method main- 
tains its infectivity for several years, if kept at refrigerator tempera- 
ture, Infected brain or salivary gland tissue, when subjected to quick 
freezing, shows no significant reduction in virulence over a period of 
one year, if stored in sealed glass ampoules in a carbon dioxide ice 
chest. 

Normal saline containing 2 per cent inactivated guinea pig or rabbit 
bloo(i serum is the most satisfactory diluent for laboratory studies of 
rabies virus, (llyccrin has a protective effect for rabies virus, and small 
portions of infected tissue will remain infectious for several months, at 
refrigerator temperature, when kept suspended in pui'e glycerin. As 
the glycerin inactivates or suppresses bacterial organisms, it is an ex- 
cellent medium for preseiwing infected brain material for shipping or 
temporary storage. Rabies virus is resistant also to the action of phenol. 
A 20 per cent suspension of brain tissue infected with fixed virus, in nor- 
mal saline containing 0.5 per cent phenol, may retain its infectivity for as 
long as seven months, when kept at a temperature of 4° C. Specimens 
of brain tissue contaminated with bacteria may be rendered suitable 
for intracerebral injection into experimental animals, by suspending 
the material in normal saline or distilled water containing 0.5 per cent 
phenol, for a period of twenty-foxu* to seventy-two hours. Rabies 
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virus is very sensitive to the action of bichloride of mercury, formalin, 
and strong acids. Rabies virus, as it occurs in infected tissue, is not 
affected adversely when exposed to bacteriostatic concentrations of 
merthiolate and sulfadiazine. At the present time, no medicinal is 
known that will alter the com’se of rabies in experimental animals. 

A characteristic of virus pathogens is their failure to multiply in cell- 
free bacteriological media. Rabies virus can be maintained in a tissue 
culture medium composed of an isotonic aqueous solution of sodium 
chloride and other basic chemicals, to which is added 5 per cent human 
or monkey serum and a small amount of finely minced mouse embryo 
brain tissue. A maximum yield of virus is obtained in three to four 
days at 37° C. It is possible to maintain the virus by serial passage 
in the developing chick embryo. Rabies vaccine for human use is pre- 
pared from rabbit brain infected with the Pasteur strain of rabies fixed 
•virus. Canine rabies vaccine is prepared from the brain tissue of large 
animals such as sheep, goats, calves, or horaes infected with rabies 
fixed virus. 

Rabies vinis is pathogenic lor all warm-blooded animals. Infection 
does not appear to take place through the intact skin or by ingestion, 
but experimental animals develop the disease quite regularly if large 
doses of vii’us are instilled into the nasopharynx. It is difiScult to in- 
fect animals by intraperitoneal inoculation, but injection of the virus 
into the skin, muscle, or nervous tissue, in that order, is increasingly 
efficacious in producing the disease. With rare exceptions, intracere- 
bral injection of concentrated "virus suspensions is fatal to animals. 
Young birds are generally susceptible to intracerebral inoculation, 
while ohler birds arc often refractory. 

The transmission of rabies in nature depends on the ability of the 
virus to reach, and to multiply in, the salivary glands of a rabid ani- 
mal. The TO-us is then excreted with the saliva. In the natural canine 
disease, it is necessary for the animal to become vicious and bite, in 
order to reproduce the disease. Some writers report the finding of the 
^^rus in the saliva of dogs several days before the onset of the disease. 
It is probable that they refer to the stage of the illness where classical 
symptoms are evident. We have not been able to demonstrate the 
•virus in the saliva prior to the development of prodromal symptoms. 
At this stage, however, the animal may api)ear quite normal. It is 
likely that the saliva functions in aiding the invasion of tlie virus by 
the protective action of the mucus, and also, by some digestive action, 
to assist entry into the nerves. 

There is still some doubt as to whether the vinis reaches the central 
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nervous system by way of the neuraxons or through the perineural 
lymphatics. The former route appears to be more likely. The 
symptomatology and pathology of rabies indicate that the virus travels, 
predominantly, by way of the sensory nerves, to reach the brain. The 
blood stream docs not appear to play any part in the invasion or propa- 
gation of the virus. 

Rabies virus is demonstrable in the central nervous system of nearly 
all animals dying of rabies. When tiie disease is of long duration, auto- 
sterilization may take place. We have not been able' to demonstrate 
the virus in the blood serum or whole blood of rabid animals. 

The virus is not strictly neurotropic. The submaxillary salivary 
glands may contain as much virus, by weight, as the brain. In a series 
of rabid dogs, we found the submaxillary glands positive for virus in 
58 per cent, and the parotid glands in 9 per cent. The lachrymal 
glands were positive for vinis in 33 per cent of these dogs. The rate 
of infectinty of these glands is proportionate to the percentage of 
mucus-secreting cells in these glands. The virus was isolated, also, 
from lactating breast tissue, stomach mucosa, pancreas, kidney, and 
adrenal tissue of rabid animals. The spleen, liver, lymph nodes, bone 
marrow, and sex glands were not found to contain rabies virus. Like- 
wise, we failed to demonstrate the virus in the mucosa or contents of 
the small and large bowel of rabid dogs. 

A close antigenic relationship has been shown to exist between rabies 
virus strains obtained from Europe, the Orient, and various sections 
of North and South America. A strain of rabies virus isolated from 
the salivary glands of vampire bats captured in Mexico was found to 
be antigenically related to the Pasteur strain of rabies virus. Mice 
immunized with a vaccine prepared from brain tissue infected with 
the Pasteur rabies fixed virus were immune to vampire bat rabies virus, 
when tested by intramuscular inoculation. Cross-complement fixation 
and cross scrum-virus neutralization tests, likewise, showed a close 
relationship of these strains of rabies virus. 

The term, fixed virus, is applied to strains of rabies virus that have 
been propagated by serial inti'acerebral passage in an experimental ani- 
mal, and where the incubation period has reached a minimum fixed 
interval, usually four to six days. Such strains are characterized, fur- 
ther, by the absence of specific inclusion bodies in the cytoplasm of 
brain cells, wide dissemination of the virus in the central nervous sys- 
tem with consequent hi^ titer, and a uniformly rapid and paralytic 
disease course. Such strains of virus have almost completely lost 
their ability to invade tissue other than that of the central nen’ous sys- 
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tern. There are unusual strains of street rabies virus which have cer- 
tain characteristics of fixed virus. Such strains have been isolated 
during periods of epizootic rabies. Rapid passage of street virus from 
host to host may explain the development of varieties of virus that 
possess enhanced virulence. 

Street virus rabies as it occurs in dogs is ordinarily characterized 
by a long and extremely variable incubation period, a prolonged excite- 
ment stage with irritability and viciousness, and the rather constant 
production of specific intracytoplasmic inclusion bodies in certain nerve 
cells of the brain. In a variable but high percentage of cases, the virus 
is able to reach the salivary glands and is excreted in the saliva. 

NATURAL AND ACQUIRED IMMUNITY TO RABIES 

Dop are not uniformly susceptible to rabies, and some exhibit a 
marked resistance to infection. Such natural immunity to severe ex- 
posure is apt to be associated with the presence of virus-neutralizing 
substance in the blood. 

Pasteur demonstrated that, if rabies fixed virus is inoculated sub- 
cutaneously into dop, infection is rarely produced, and that if repeated 
injections are given, the animal becomes highly resistant to experi- 
mental infection, even where the virus is introduced into the brain. 

Immunity may be produced, also, by the subcutaneous injection of 
vaccine prepared from infected brain tissue, where the virus has been 
inactivated in the presence of certain chemicals, such as phenol and 
chloroform. It is unlikely that the immunity produced by this type of 
vaccine is due to the presence of a small amount of living virus, not 
demonstrable by intracerebral inoculation of the vaccine material into 
rabbits and mice. Properly prepared vaccines will remain antigenic 
for at least one year after they have been shown to be devoid of in- 
fectivity. Animals vaccinated with avirulent vaccines retain a high 
resistance to peripheral exposure for at least one year. 

In order to prevent the development of rabies in man, following ex- 
posure, it is necessary to achieve the equivalent of intracerebral re- 
sistance, as the immunity produced must be sufficient to stop the multi- 
plication of the virus in the nervous system. It is not necessary to 
produce as high a degree of immunity in dop to prevent the spread 
of the disease, as, in this instance, exposture is peripheral and, in prop- 
erly immunized animals, the virus will be inactivated before it can be- 
come established in nervous tissue. It requires from three to four 
weeks to develop maximum immunity, after beginning the post- 
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exposure vaccine treatment, as determined by the rate of development 
of virus-neutralizing substance in the blood. Therefore, when the in- 
cubation period is short, the vaccine treatment may not prevent the 
development of rabies in man. The rabies statistics of the various 
Pasteur Institutes list, usually, an absolute and a reduced mortality 
rate for persons exposed to rabies and given the vaccine treatment. 
The reduced or actual treatment failure rate is calculated from the 
deaths occurring two or more weeks following the completion of the 
treatment. The reduced mortality rate is much the same for the 
various clinics, ranging from 0.08 to 0.5 per cent. 

CANINE RABIES 

As rabies is a disease of the canine species, it is important to know 
the symptomatology of the disease in this host. The disease is per- 
petuated easily in this type of host, due to the instinctive fighting and 
biting nature of such animals. With the development of rabies, such 
animals may become extremely aggressive against their own kind, as 
well as any living thing they meet. The potentially long incubation 
period allows survival of the virus from year to year, .through the me- 
dium of only a few animals. In an area in which any one of the capine 
species bccoinch unduly abundant, rabies may become epizootic, but, 
for the most part, the disease maintains a low incidence. Canine 
rabies is illustrated best by the course of the disease in domestic dogs. 

A normal dog, bitten by a rabid animal, may develop rabies in as 
short a time as ten days, or it may show no symptoms until several 
months later. In most instances, rabies will develop from twenty- 
one to sixty days after exposure. The distance which the virus must 
travel from the site of exposure to reach the brain does not appear to 
vary significantly the duration of the incubation period. In experi- 
mental animals, where the same strain of virus is used, the incubation 
period varies in proportion to the amount of virus given. Incubation 
periods of ninety or more days are observed, on occasions, in dogs and 
rabbits inoculated intracerebrally with rabies street virus. Titration 
of rabies virus by intracerebral inoculation of serial ten-fold dilutions 
of infected brain material into nuce, rabbits, or dogs, illustrates best 
the lengthening of the incubation period with decreasing dosage of 
virus. 

For practical purposes, rabies in dogs is classified as furious or dumb 
type, depending upon the symptoms shown by the animal. In the 
former type, the excitation phase is prolonged and, in the latter, the 
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paralytic phase develops early and is associated with depression and 
apathy. The majority of cases show some manifestation of both types 
of the disease, that is. a short excitation phase characterized by rest- 
lessness and nervousness, followed rapidly by depression and paralysis. 
Sudden death of dogs from rabies, without appreciable premonitory 
symptoms, apparently is frequent during outbreaks of epizootic rabies. 
The incidence of furious versus dumb rabies is not constant, but de- 
pends on the virulence of the virus and the species of animal infected. 

Furious Rabies 

This is the type where the classical mad dog symptoms appear. Dur- 
ing the first phase of the illness, the dog may appear quite normal to 
casual observation, and often is more affectionate than usual. The 
objective s3nnptoms include congestion of the mucous membranes of 
the eyes and nose, and a slight to moderate elevation of the body tem- 
perature. Restlessness and nervousness are evident, and the animal is 
easily startled by sudden noise or movement. Despite its friendly ac- 
tions, the dog will be irritated easily, especially if restrained in any 
way. Children are apt to be bitten by dogs at this stage of the disease, 
because they wiH pick up the friendly-acting dog and try to hold it 
when the animal attempts to get away. The stimulation of the cen- 
tral nervous system by the virus makes the dog more alert in appear- 
ance than usual. The ears are apt to point, and the muscle tone in 
general is increased. The dog will seldom remain quiet for more than 
a moment. With progression of the disease, the irritability and excite- 
ment become more pronounced. There is a tendency to eat indigestible 
material, such as sticks, earth, and bedding. The eyes present a pecul- 
iar appearance, because of congestion of the conjunctiva, dilation of the 
pupils, and difficulty in closing the eyes. The cornea becomes dry and 
glazed, due to infrequent blinking. There is weakness of the vocal 
cords in most cases, which produces a characteristic voice change. A 
hoarse howl-like bark is followed by a succession of baying barks of 
lower pitch. The maximum pitch is attained in the middle of the 
bark, rather than at the beginning. There are periods of intense ex- 
citement, with intervening more normal behavior. If caged, the dog 
will make every effort to escape, even breaking off teeth in an at- 
tempt to chew its way out. If free, the animal is apt to wander far 
from its home and seems impelled to attack any living thing that it 
sees. There seems to be little desire to kill and, if several animals 
are present, the dog will attack first one and then another. Within a 
few days, exhaustion and paralysis become evident, first shown by a 
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wobbly or staggering gait. The animal may return to its home, after 
a few days’ absence, wounded and almost unable to walk because of 
exhaustion and beginning paralysis. Paralysis of the jaw is imcom- 
mon in the furious type of rabies, but diflSculty in swallowing is notice- 
able in most cases. The characteristic salivation is probably due to 
difficulty in swallowing, rather than to an increased formation of saliva. 
In some instances, the dog will die suddenly, perhaps in a convulsive 
seizure. More often, the animal will develop increa^g paralysis, 
until prostrate and comatose. Dop with furious rabies usually live 
four to seven days, and may live as long as eleven days, after the onset 
of the disease. 


Dumb Rabies 

In this type of the disease, the early symptoms consist of sleepiness 
and melancholia, and the dog will try to hide or get away by itself. 
Congestion of the mucous membranes of the eyes and nose, and ocular 
symptoms such as those described for furious rabies are noticeable. 
These symptoms are followed by paralysis of the jaw, throat, and voice 
muscles. There is no irritability or tendency to bite. Paralysis of 
the extremities develops rapidly and is associated with marked incoor- 
dination, due to the spastic character of the paralysis. Soon, the dog 
is prostrate and comatose, Isdng on its side, the lep moving rhythmi- 
cally back and forth. The eyes are wide open, with the comeae glazed 
and opaque. Animals developing dumb rabies live only a few days, 
seldom more than three days after the onset of the disease. 

General Observations 

All dogs with rabies are relatively insensible to pain. Dop with the 
furious form may mutilate themselves, biting out large pieces of skin 
and muscle, without apparent pain. An early symptom, referable to 
sensory paralysis, is the loss of the comeal reflex. The excitation of 
muscles causes increased reflex action, tic-like contractions, tremor, and 
general convulsive seizures. Trismus of the jaw may develop. There 
is no definite pattern of paralysis, although, in experimental animals, 
the site of exposure has a distinct effect on this. Dop exposed by 
injection of virus into the hind lep show, first, spasticity and paralsrsis 
in the hind lep, and rarely develop paralysis of the jaw. In contrast, 
those animals exposed by injection of virus into the masseter muscle 
show, with peat constancy, paralysis of the jaw and retropade paraly- 
sis of the extremities. There is no fear of water, such as occurs in 
human rabies. The body temperature is usually subnormal during the 
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classical stage of the disease. A high terminal gain in temperature 
may occur. The disease is practically always fatal to the dog. Dogs 
experimentally infected with the disease often die suddenly, without 
showing symptoms of illness. Such cases would not be recognized as 
rabies in naturally infected animals. 

Rabid wolves and foxes lose their normal fear of human beings and 
human habitation, and will invade farm premises and attack man and 
domestic animals in the daytime. Wild animals with paralytic or 
dumb rabies are found rarely. They probably die in seclusion, avoid- 
ing even their own species. 

Possible Carrier State in Dogs 

It is probable that dop, in rare instances, may develop an abortive 
type of rabies and recover. We have observed a few instances of ap- 
parent recovery from rabies among mature, experimentally infected 
dop. The diagnosis was based on clinical signs, such as incoordination 
and paralysis, occurring at a time when the animal was expected to 
develop the disease. However, we could not demonstrate rabies virus 
in the saliva of these animals. The salivary glands of dop surviving 
experimental exposure and tested three months later were all negative 
for rabies virus. There is no evidence to indicate that the dog can act 
as a symptomless carrier of rabies, as may occur in vampire bats. 

VAMPIRE BAT RABIES 

Vampire bats are not known to exist in Africa, Europe, or Asia. Ac- 
cording to available information, they are restricted to Central and 
South America. The animal is relatively small, having a body length 
of four inches and a wing spread of thirteen inches. It subsists entirely 
on fresh blood, which it laps up after inflicting a superficial, crater- 
like wound with its sharp incisor teeth. These bats live in caves 
and hollow trees, and normally feed only at ni^t. They seem to pre- 
fer to feed on large animals, such as cattle and horses, but their hosts 
include a wide variety of animals and birds. They have been known 
to feed on man. The tradition that they are able to bite and feed 
without disturbing the victim is legendary. 

Vampire bat rabies has proved to be a serious veterinary problem in 
Brazil, Argentina, Mexico, and Venezuela. Vampire bat rabies has 
also been reported in Paraguay, British Guiana, and on the island of 
Trinidad. From 1929 to 1935, there were fifty-five cases of human 
rabies in Trinidad, as a result of infection from vampire bats, and 
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many domestic animals died of the disease. The vampire bat is the 
only known host that can act as a true carrier of rabies over an ex- 
tended period without exliibiting evident illness. The majority of 
vampire bats that contract rabies evidently die of the disease, but some 
have been shown to be capable of transmitting the disease over a period 
of five months, without showing symptoms of rabies. The fruit-eating 
bats form an additional reservoir of rabies, for, although they do not 
transmit the disease to man and domestic animals, they can perpetuate 
the disease in the bat species. 

The presence of vampire bat rabies in Mexico, along the Pacific 
coast and near the border of the United States, makes it necessary to 
consider tliis vector, since, although this species of bat has not been 
identified in the United States, it may migrate into thia cormtry, 

LABORATORY DIAGNOSIS OF RABIES 

It is a well-known fact that specific intra cytoplasmic inclusion bodies, 
or Negri bodies, cannot always be found in brain cells of man and ani- 
mals dying of rabies. In the absence of these bodies, it is not possible 
to make a definite diagnosis of rabies by microscopic examination of 
the brain or other tissues, as the degenerative and inflammatory lesions 
produced by the virus are not sufficiently characteristic. Therefore, 
if the microscopic examination of a brain specimen is negative for spe- 
cific inclusion bodies, it is necessary to resort to animal inoculation in 
order to establish the diagnosis. In the past, the guinea pig and rabbit 
have been considered the most suitable test animals for this purpose. 
Since the demonstration that the intracerebral injection of rabies virus 
into white mice produces a typical and constant infection, the white 
mouse has become increasingly popular as a test animal. The chief 
advantages of the mouse, for this purpose, are the low cost, making it 
possible to use several animals for one specimen; the relatively short 
incubation period, ordinarily six to ten days with street virus; and the 
consistency of production of inclusion bodies in the brains of mice in- 
fected by intracerebral injection. 

A positive microscopic diagnosis is sufficient proof for the diagnosis 
of rabies. It has been found that the specific intracytoplasmic inclu- 
sion bodies of rabies, when present, are readily demonstrated in smears 
or impressions of the Ammon’s horn of the brain, if stained with Sellers’ 
carbol-fuchsin and methylene blue staining solution. This is the most 
practical of the various staining methods that have been developed, 
as the stains are dissolved in methyl alcohol and the brain tissue is 

fixed and stained at the same time. 
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In the coui’se of a study of routine dog brain specimens obtained from 
the Geor^a State Department of Health, we found 771 positive for 
rabies by mouse inoculation. Of these, eighty-one, or 10.5 per cent, 
were negative by microscopic examination. The presence or absence 
of specific intracytoplasmic inclusion bodies in the brain of a rabid 
animal depends, to a considerable extent, on the duration of the dis- 
ease before the animal is killed or dies of rabies. The nature of the 
inclusion bodies of rabies has been the subject of much controversy. 
When discovered, they were thought to be a protozoan type of parasite. 
In view of our present knowledge' of rabies virus and other viruses 
which bring about the formation of similar stouctures, they may con- 
tain the infective particles of the virus. However, the bulk of the inclu- 
sion body appears to be composed of lipoid material. The deposition of 
tliis material evidently represents a specific reaction on the part of the 
cytoplasm of certain nerve cells to the stimulus of the "virus. When 
the •virus develops an enhanced -virulence, as is the case with fixed 
virus, the cell is destroyed before a characteristic inclusion body can 
develop. Small inclusion bodies are found in the cytoplasm of brain 
cells in animals dying of fixed vims rabies, but these are not sufficiently 
characteristic to make it possible to differentiate them from those that 
occur in other diseases. Similar at}^ical intracytoplasmic inclusion 
bodies are often found in animals killed during the early stages of 
street ■virus rabies. For that reason, it is ad-visable to hold biting dogs 
in quarantine, rather than to kill them immediately and send the brain 
to a laboratory for diagnosis. There is a double reason for this. First, 
it will allow observation for symptoms of rabies which may allow a clin- 
ical diagnosis of the disease; and as the mortality is, to all intents, 100 
per cent, if Ihe animal has rabies, it will die. Secondly, the longer the 
animal is allowed to live, the better the chance of obtaining a positive 
microscopic diagnosis. This is substantiated by our study of experi- 
mentally infected dogs. Eighty-seven per cent of the dop living more 
than three days after the onset of symptoms were diagnosed positive 
for rabies, by microscopic examination of the brain. Dogs developing 
paralytic rabies seldom live three days, and the majority of these were 
negative for rabies by microscopic examination. Biting dop, that is, 
those with furious rabies, are apt to live three or more days after the 
onset of symptoms, and a positive microscopic diagnosis can be made in 
about 90 per cent of such cases. 

It is possible to calculate the approximate amount of virus required 
to infect an animal by intracerebral inoculation. Brain tissue in- 
fected "with rabies fixed virus is the best material for demonstrating the 
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properties of the virus. The amount of virus in the tissue is deter- 
mined by preparing serial ten-fold dilutions of the infected tissue, and 
inoculating a prescribed amount of each dilution into the brain of four 
to six animals. It is necessary to include dilutions of the material be- 
yond the range ordinarily required to produce infection, in order to 
obtain an end-point. Statistical study of repeated titrations of a virus 
has shown that the amount of virus required to infect 60 per cent of 
the animals can be calculated for a standard ^^rus preparation, that 
is, infected tissue suspensions kept in the frozen state under conditions 
which do not allow appreciable decrease in virulence over a period of 
several months. Such studies are, ordinarily, performed on white 
mice. The m in imum lotiial dose for mice is the calculated amount of 
virus required to kill 60 per cent of the animals, in a volume of 0.03 
ml. given intracerebrally. Expressed logarithmically, the titer or 
MLD for mouse brain infected with rabies fixed virus mi gh t be 0.03 X 
10"* * ml. The use of a standard virus preparation is essential, where 
one desires to test accurately the amount of virus-neutralizing sub- 
stance in blood serum. It is convenient to maintain the concentration 
of the \irus material' constant, usually a calculated amount represent- 
ing 200 MLD per 0.03 ml., so that when this is mixed with an equal 
volume of serum, the combined mixture will contain 100 MLD per 
0.03 ml. To determine the concentration of antiviral substance in a 
specimen of blood serum, the serum can be tested undiluted and in 
serial, ten-fold dilutions in normal saline. Thus, the serum may be 
found to neutralize 100 or 1000 MLD per 0.03 ml. The serum virus 
mixture should be kept for one hour at 37° C. and one- hour at 4° C., 
and agitated every fifteen minutes before testing. Known normal and 
immune sera must be included in each test. Each mixture is then 
tested for infectivity, by intracerebral injection of 0.03 ml. into each 
of four to six mice. The uniform fatality produced by rabies infec- 
tion in mice makes it easy to interpret resistance to infection. Actu- 
ally, it is possible to diagnose rabies by the semm virus neutralization 
test, as antiviral antibodies appear in the blood with great constancy 
during the disease. As it is rarely possible to obtain blood drawn prior 
to infection, this cannot be used as a practical procedure. 

Man and animals immunized with live virus vaccines, such as the 
Pasteur rabbit cord or Hoyges dilution methods, maintain a demon- 
strable virus-neutralizing substance in the blood serum for an extended 
period. Persons vaccinated with Semple tsrpe vaccine, which contains 
no active virus, develop virus-neutralizing substance in the blood as 
with live virus vaccine, but this is apt to disappear in six to twelve 
months. 
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The complement-fixation test, though applicable to rabies, is of little 
value for diagnosis. The blood serum of rabid animals does not con- 
tain complement-fixing antibodies in diagnostic amount. Comple- 
ment-fixing antibodies, though demonstrable at one month after vac- 
cination with live virus vaccine, disappear soon thereafter and are 
seldom present in significant amounts three months alter treatment. 

The antigenic potency of rabies vaccines can be determined by vac- 
cination of mice, and by testing such animals, in parallel with an equal 
number of control mice, with rabies fixed virus injected into the brain 
or muscle tissue. Commercial manufacturers of human and canine 
rabies vaccine are required to demonstrate a satisfactory level of 
potency for each lot of vaccine, before release of the product for sale. 
The introduction of this requirement has resulted in a more uniform 
product, and the vaccines now available are of improved antigenicity, 
as compared with those marketed some years ago. 

It is necessary, sometimes, to resort to special tests in order to iden- 
tify rabies virus, especially when modified by intracerebral passage 
and where other neurotropic viruses are suspected to be present among 
the experimental animals. For instance, lymphocytic choriomeningitis 
virus may be confused with that of rabies in inoculated mice, as the 
incubation period and clinical symptoms are similar. Identification 
of rabies virus can be accomplished by determining whether the virus 
in question is neutralized by a known rabies immune serum, or by vac- 
cinating animals with rabies vaccine and testing them with the virus 
in question, in parallel with an equal number of control animals. The 
complement-fixation test is applicable to the identification of rabies 
virus. 


THE HUMAN RABIES PROBLEM 

Thou^ relatively few people die of rabies each year in the United 
States, the disease is a major public health problem. It is necessary 
to give the rabies vaccine treatment to about 30,000 persons each year. 
The treatment is complicated by the necessity of ^ving daily treat- 
ments for two to three weeks, which is a time-consuming and expensive 
procedure. 

Management of Dog Bite Cases 

"Where rabies is present in the community, every biting dog must be 
■ suspected of having the disease. The wound produced by a dog bite 
should be cleansed thoroughly with soap and water. This will re- 
move most of the infected saliva, if the dog has rabies. Immediately 
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after this first cleansing of the wound, a doctor should be consulted re- 
garding further local treatment, and for advice as to whether the vac- 
cine treatment should be given. 

Any dog that has bitten a person should be confined for a period 
of fourteen days. If the animal has rabies, it will usually die in a few 
days, and will assuredly succumb within a two-week period. If rabies 
is present in the community, a veterinarian should be consulted as to 
whether the biting dog has symptoms of rabies. This is important, be- 
cause, as long as the dog fails to show symptoms of the disease or does 
not die, it is unnecessary to begin the vaccine treatment. Such pro- 
cedure will save many unnecessary treatments. It is advisable to have 
biting dogs under observation in' a proper kennel, such as that 
of the veterinarian, the Humane Society, or a dog pound. Dog own- 
ers are apt to be negligent and allow the biting dog to stray away. If 
the biting dog is a stray and has escaped apprehension, local authori- 
ties should be notified, so that the dog can be caught and held for 
observation. 

Local Treatment for Persons Exposed to Rabies 

If a person has been bitten by an animal, and the veterinarian and 
the physician feel that the animal had, or probably had, rabies, the 
wound produced by the bite should be treated by a physician as soon 
as possible. The object of local treatment is to remove or inactivate 
any virus that may have been deposited in the wound. In instances 
of puncture-type wounds, it may be necessary to expose the depths of 
the wound by surgical means. Shau^nessy and Zichis have shown 
that thorough irrigation with 20 per cent soft soap solution is an ef- 
fective method of local treatment. The use of nitric acid has been the 
accepted chemical for the cauterization of bite wounds inflicted by 
rabid dogs. In cases of severe laceration of the face, which is most 
apt to be followed by infection, this method of treatment has been 
found impractical. 

Vaccine Treatment for Persons Exposed to Rabies 

Because local treatment cannot be fully depended upon, and as it 
usually takes several weeks for rabies to develop in man, it is advisable 
to resort to vaccination as an added safeguard. For persons known or 
suspected to have been bitten, vaccine treatment should be begun im- 
mediately when: 

(1) The animal was apprehended and presented clinical signs of 
rabies. 
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(2) The animal was killed and the brain found positive for rabies, 
by microscopic examination. 

(3) The animal was killed and, though the brain was negative by 
microscopic examination, the animal was suspected of being 
rabid. 

(4) The person was exposed by a stray animal which escaped or 
could not be identified. 

The vaccine treatment is rarely indicated where there is no satisfac- 
tory evidence that the person has been bitten. In rare instances, the 
treatment may cause serious allergic manifestations, and should not, 
therefore, be given indiscriminately. 

Treatment with Immune Serum 

Experimental studies of rabies have shown that the subcutaneous 
injection of immune serum soon after exposure, through other than in- 
tracerebral injection, prevents the development of the disease in a high 
percentage of cases. This type of treatment has not had adequate 
clinical trial. 

RECOMMENDATIONS FOR THE CONTROL OP RABIES 
IN THE UNITED STATES 

A program of rabies control in the United States would have to be 
coordinated through some national agency, in order to be effective. In 
view of the fact that the disease is maintained solely in animals, pri- 
marily the dog, control work is strictly a veterinary problem. There- 
fore, it is recommended that the U. S. Department of Agriculture, Bu- 
reau of Animal Industry, be given authority to coordinate and super- 
vise rabies control work. This is not posrible under existing Federal 
le^slation. A bill has been introduced in Congress which would 
include the dog and other domestic carnivores with those domestic ani- 
mals subject to the supervision of this branch of our government. If 
this bill is passed, a nationwide rabies control program could be devel- 
oped through each State Department of Agriculture, Live Stock Sani- 
tary Division. This is the way tiiat other animal diseases which 
are communicable to man have been brought under control. The al- 
ternative is a rabies control program coordinated by the U. S. Public 
Health Service. Under existing conditions, rabies control work is 
under the juris<tiction of State Health Departments, the State Depart- 
ment of Agriculture, or both,. For the most part, rabies control work 
is conducted on a municipal or coimty baris under the authority of 
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the City or County Board of Health, and the work is maintained only 
as long as the emergency persists. 

Rabies control work on a state basis should be under the supervision 
of a full-time veterinarian. Rabies in animals should be made a re- 
portable disease, new cases to be reported immediately to the veteri- 
narian in charge of rabies control in the State, and weekly, through 
regular reporting channels, to the U. S. Department of Agriculture, Bu- 
reau of Animal Industry. Past experience has shown that the disease 
is apt to be of epizootic proportions in a given locality, before the State 
authorities responsible for rabies control are aware of the outbreak. 
The heads of all domestic and wild animals suspected of having rabies 
should be submitted for examination, regardless of whether or not there 
was human exposui’c to the disease. Wherever rabies is found to exist 
in a wild life species, the state authority responsible for rabies control 
should notify the U. S. Fish and Wild Life Service, as well as the State 
Wild Life Department, so that a cooperative control program may be 
developed. The organization responsible for rabies control should 
promote an educational program, so as to inform the public about the 
hazards of the disease and the measures necessary for its control. 

Taxation and licensing of dogs is recommended as the most effective 
means for insuring enforcement of rabies control regulations. The 
traditional rabies control program is one which requires strict quaran- 
tine for all dogs for a period of six months after the last reported 
case of rabies. It is necessary to maintain the quarantine for an ex- 
tended period. In most instances, this has failed to eliminate the dis- 
ease in this country, because the public failed to cooperate. Field 
experience has shown that vaccination of all owned dogs, carried on 
in conjunction with collecting and impounding of unvaccinated dop 
found at large, has brought about the elimination of rabies. This 
method of rabies control has been used effectively in several foreign 
countries, as well as in many communities in the United States. Com- 
pulsoi'y vaccination of dogs for rabbios, on a State-wide basis, has been 
diflSeuit to enforce. Alabama has had such a law since 1937, but it was 
not possible to enforce this law in the two most heavily infected regions 
of the State until 1946, due to the fact that the enforcement was dele- 
gated to each County Board of Health, and local opposition prevented 
action until such opposition could be convinced that the procedure was 
necessary. In Massachusetts, vaccination of dogs has been encour- 
aged on a voluntary basis, without resorting to legal action to make 
it compulsory. For the first time since the introduction of rabies in 
the 18th centmy, this State appears to be free of the disease. From 
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tile experience in Alabama, it is clear that enforcement of vaccination 
of dogs for rabies, combined with collection of unvaccinated dogs found 
on the street, was effective in limiting the disease. In most instances, 
those counties enforcing dog vaccination experienced re-introduction of 
the disease from time to time, but the disease failed to spread. This 
has been the experience of many municipalities in other states. It is 
a paradox that the use of the Semple phenol-inactivated vaccine for 
human treatment remained unchallenged, whereas the same type of 
vaccine used for prophylactic immunization of dop became subject to 
widespread criticism. This was due to the publication of experimental 
studies reporting negative or indefinite results with immunization of 
animals. The lack of properly controlled experimental studies and the 
use of severe methods of exposure to test the resistance of immunized 
animals , explains the failure of these investigators to show effective 
immunization. There was a tendency to use intracerebral or intra- 
ocular injection of rabies virus, so as to obtain a 100 per cent mortality 
for control animals. With such drastic exposure, it is necessary to 
produce a very high grade of immunity in order to show significant pro- 
tection. It is also necessary to use many animals in order to satisfy 
statistical requirements, so as to rule out chance error. 

Vaccination of dop, combined with other dog control provisions, ap- 
pears to be the most satisfactory method of seeming prompt recession 
of the disease. It is recommended that a strict quarantine for all dop 
be enforced for a period of at least thirty days, as soon as rabies appears 
in a community. Subsequently, dog owners should be required to have 
their pets vaccinated or keep them confined until the area is ofidcially 
cCTtified free of rabies. Vaccinated dop, properly tagged, may be al- 
lowed at larp thirty days after vaccination. Vaccination should be 
performed free of charge, in order to obtain maximum cooperation. 
A single subcutaneous injection of 5 ml. or more of an approved vac- 
cine should be required, but dog owners should be advised tiiat a course 
of three weekly injections of vaccine will produce a more certain im- 
munity to rabies Dop under six months of age, which arc partic- 
ularly susceptible and not readily immunizable, should be kept con- 
fined until the area is officially certified free of rabies. Biting dop and 
suspected rabid dogs should be impounded for a period of at least four- 
teen days. Dop known to have been exposed to rabies must be de- 
stroyed, or kept confined for six months. 

The method of rabies control given above will not be successful, un- 
less tiiere is adequate provision that unvaccinated dop and stray dop 
be picked up promptly throughout the control propam. This should 



JOHNSON: BABIES 


381 


be continued for at least ninety days, following the last reported case 
of rabies. Investigation of each new case and contact case is essential. 
The enforcement of a temporary quarantine for all dogs will greatly 
facilitate the impounding of stray dogs and the vaccination of owned 
dogs. In cities where rabies is present, it is practical to require a dog 
owner to show a current vaccination certificate, prior to the issuance 
of a dog license. Dogs found on the street without a dog license would 
be considered as unvaccinated and be impounded. 

As will be noted in the statistics on rabies for the United States, do-^ 
mestic cats are infected quite frequently. The bite of a rabid cat is 
probably more dangerous than that of a dog. While rabies prevails 
in a community, it is wise for cat owners to have their pets vaccinated 
by the three injection method. Stray cats should be impounded and 
destroyed. 

If rabies becomes established among wild animals, it is necessarj^ 
to carry out a program of reduction of the number of the affected species 
until the disease disappears. It is evident that the heads of animals 
taken in this type of program should be examined for rabies, so as to 
determine the incidence of the disease and when it has abated. 
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EQUINE ENCEPHALOMYELITIS 

By Raymond A. K y,T.RTr.tj 

Dean of FofCultv and Professor of Bacteriology, 

School of Veterinary Medicine, University of Pennsylvania, 
PhUadelphia, Pennsylvania 

Over a period of many years, there has occurred among horses and 
mules in the United States, a group of diseases characterized by marked 
involvement of the central nervous system, and recorded in the litera- 
ture under a variety of designations, including such terms as “cerebro- 
spinal meningitis,” “forage poisoning," "staggers," “Kansas hoisc 
plague,” “botulism,” and “encephalomyelitis.” The etiology of many 
of these outbreaks was not satisfactorily established, much being based 
on theoretical considerations and conjectm^. This situation continued 
until 1931, when Meyei-, Haring, and Howitt' published the results oi 
a classical study, in which they definitely proved tliat an epizootic of 
encephalomyelitis of horses in the San Joaquin Valley of California 
was due to a filterable virus. On the basis of symptomatology, and 
without the thorough etiological investigations as conducted by Meyer 
and his associates, this outbreak miglit well have been given one of the 
designations previously used, with tlie true cause still remaining ob- 
scure. In the light of the findings of Meyer and his co-workers, it is 
reasonable to believe that at least some of the epizootics ol past year*,, 
known under the designations I have indicated, were, in fact, outbreaks 
of encephalomyelitis of vims ori^n. 

Statistics and other information indicate that, since the discoverj' 
of the virus origin of equine encephalomyelitis, over a million cases 
of the disease have occun-ed among horses and mules in the United 
States. The hipest incidence so far exjjerienced in the United States 
was during 1937 and 1938. A total of more than a quarter-million 
cases was recorded for those two years, the mortality averaging over 
20 per cent. 

Am important advance in our knowledge of equine encephalomyelitis 
was made in 1933, when Giltner and Shahan,® and at about the same 
time TenBroeck,® differentiated between an “Eastern" and a “West- 
ern” type of vims. For several years, investigation indicated that 
those oases of the disease occurring in regions west of the Appalachian 
Mountain Range were due to the “Western” type of virus, whereas 

( 386 ) 
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those occurring east of such range were caused by the “Eastern” type. 
It was also established that when due to the “Eastern” type virus, 
the disease was of a more virulent character and resulted in a higher 
mortality. In more recent years, the two different virus forms of the 
disease in this country have broken the initial pattern of geographical 
distribution. Both “Eastern” and “Western” types of virus are found 
in Canada. It is also of interest to note that the “Easteni” type of 
virus has been identified in Mexico and Panama, and the “Western” 
type in Argentina. A third,' immunologically distinct type of virus 
was found in Venezuela. While this latter type of ^'irus, which has 
become generally known as the “Venezuelan” type, has been encoun- 
tered in other parts of this hemisphere, fortunately, it has not appeared 
in the United States thus far. 

Equine encephalomyelitis is of special importance, not only because 
it has proved to be a most serious disease of horses in this counlay, but 
also because it is transmissible to man, with very gi-ave consequences. 
While Meyer,* back in 1932, suspected that man was susceptible to 
equine encephalomyelitis, it was not until 1938 that definite proof of 
this susceptibility was established. In that year, Fothergill, Dingle, 
Barber, and Connerley® recovered the “Eastern” tjrpe vims from 
an outbreak of the disease among children in Massachusetts. The 
occurrence of the disease in children coincided with a rather extensive 
outbreak of the “Eastern” type of encephalomyelitis among horses in 
southeastern Massachusetts. It is also of interest to note that during 
this particular summer (1938) , in Massachusetts, there was a prolonged 
period of high humidity and excessive rainfall, with floods in many 
areas. These conditions favored mosquito breeding, and it was com- 
mon knowledge that there was a tremendous increase in the mosquito 
population during this period. Howitt,® in 1938, reported the isolation 
of the “Western” type virus from a fatal case of encephalitis in a 
child. Following tiiis, additional cases of the disease in the human 
family were proved to be due to the “Western” type virus. A rather 
extenave outbreak of human disease, in which the “Western” type 
virus was involved, occurred in North and South Dakota, Minnesota, 
Nebraska, Montana, and over the border in Canada, in 1941. Several 
thousands of individuals were involved in this epidemic. During an 
outbreak, in Trinidad, of the “Venezuelan” t 3 T)e of encephalomyelitis 
in the eqmne species, a fatal human case of ^e disease was definitely 
proved to be due to this type of virus. 

Following the establishment of the virus causation of equine en- 
cephalomyelitis, the prevailing belief was that infection occurred 
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through direct or indirect contact, with the food and water supply as 
probably important factors. Careful consideration of the epizoology 
of the disease, however, offered considerable grounds for doubt that 
the mode of infection was by direct or indirect contact with affected 
horses or mules. It fell to the good fortune of the author^ to discover 
the ability of mosquitoes to transmit equine encephalomyelitis. Work- 
ing initially with Aedes aegypti, it was found that the mosquito could 
transmit tlie disease as early as six days following an infective blood 
meal, and continued infectious for the rest of the period it remained 
alive in captivity — ^about six weeks to two months in my experiments. 
The transmission, thus, was shown to be not merely a mechanical one. 
It occurs only after maturation or multiplication of the virus within 
the mosquito. The discovery of the ability of the mosquito to trans- 
mit encephalomyelitis was of interest, not only because of its impor- 
tance in connection with the control and prevention of the disease in 
animals and man, but also because it added another filterable virus 
to the two (yellow fever and dengue) then known to be capable of 
mosquito transmission. Furthermore, it constituted tiie first instance 
wherein an essentially neurotropic disease was found to be mosquito- 
borne. 

Since the initial discovery of mosquito transmission of equine enceph- 
alomyelitis, more than a dozen species of mosquitoes have been found to 
be capable of conveying the malady. Besides, the virus has been ob- 
served® in wild mosquitoes living under natural conditions, thus adding 
support to the experimental results which incriminated the mosquito. 
The work with the mosquito transmission of equine encephalomyelitis 
also led to the finding that “St. Louis” encephalitis, a different but 
similar disease of primary importance in man, can be transmitted by 
mosquitoes. Wild mosquitoes also are known to harbor the “St. 
Louis” virus. 

While there is evidence that other insects, such as the assassin or 
“kissing” bug {Triatoma), ticks, lice, etc., may, under certain circiun- 
stances, be capable of transmitting encephalomyelitis, it is not believed 
that they are of importance in the actual spread of the disease in out- 
breaks in horses and mules, or in man. They might well be factors 
in perpetuating the infection in other species which may serve as virus 
reservoirs. 

Another important point in connection with the virus of equine en- 
cephalomyelitis is its ability to establish itself, with or without evidence 
of disease, in a very large variety of animal and bird species, thus of- 
fering many possibilities for reservoirs of infection. Aside from the 
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equine species and man, the following species are known to be more 
or less susceptible to invasion by the virus: pheasants, prabie chickens, 
pigeons, ducks, geese, domestic chickens, hawks, blackbirds, guinea 
fowl, sparrows, storks, quail, thrashers, owls, flicks, killdeer, robins, 
the American egret, guinea pigs, rabbits, mice, rats, gophers, hedgehogs, 
and wood-chucks. It is also possible, experimentally at least, to in- 
fect swine, sheep, goats, dogs, cats, and cattle. While some species 
can be infected with both the “Eastern” and “Western” types of virus, 
others may be infected with one type but not with the other. 

With regard to the symptoms of equine encephalomyelitis, the fol- 
lowing may be said. In the first place, the disease is a sunomertime 
malady, ordinarily beginning after the onset of warm weather, reaching 
its peak along the middle of the summer season, and ending, rather 
abruptly, after the start of frosts. When encephalomyelitis makes its 
appearance in a group of horses or mules, only a portion of the group 
is involved. This is what one would expect witir a mosquito-borne 
disease. On the other hand, evidence indicates that, in addition to 
those animals which develop well-marked symptoms of encephalo- 
myelitis following infection, there are some cases in which manifesta- 
tions of disease are absent or so minor as not to be noticed. The dis- 
ease is also more common among animals maintained on pastures or 
in fields than among stabled animals, again an understandable finding 
in a mosquito-conveyed malady. 

The period of incubation in equine encephalomyelitis, under natural 
conditions, cannot be considered as having been accurately determined. 
Based on experimental evidence and epizoological considerations, it 
probably varies from between 4 to 12 days, with greater variations 
under different circumstances. 

If a horse has not pre\'iously encountered the virus, age apparently 
makes no difference in susceptibility. On the other hand, there is a 
little evidence suggesting variation in susceptibility among certain 
breeds, and further, mules are apparently sli^tly less susceptible than 
horses. 

The disease is ushered in with a rise of temperature varying between 
103 and 107°F. This is accompanied by dullness, inappetence, and soon 
followed, in the typical case, by ssanptoms characteristic of the disease. 
In many cases, the animals develop a marked drowsiness, standing de- 
jected, often with drooping lower lip, and with occasional twitching of 
groups of muscles of the head, shoulder, and flank regions. Grinding 
of teeth is a commonly observed ssmptom, as is also yawning. If 
aroused, a “sleepy” animal will frequently respond only with a sli^t 
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jerk of the head and immediately lapse back into drowsiness. In some 
cases, an animal will stand with its head pressed against a •wall or stall. 
If forced to move, there is marked incoordination of gait, and the ani- 
mal may go down. As the disease progresses, more and more difficulty 
is experienced in chewing and swallowing. Paralysis of the tongue 
and lips may be quite marked. Some animals may try to take a little 
food, only to have it remain in the mouth unswallowed. Efforts may 
frequently be made by roused animals to drink water, but the greatest 
difficulty is oxpei’ienced in getting any down. Examination of the con- 
junctiva will reveal it to be icteric, congested, and often studded with 
petechial hemorrhages. Generally, there is a small amount of nasal 
discharge of a serous character, and the breath is usually very foul. 
Constipation is usually common, and urination suppressed. As a con- 
trast to the “sleepy” type of the disease, there are some cases which 
endeavor to be on the move most of the time. In these instances, the 
animal ■will walk in a circle, stumbling and falling into anjrthing that 
may happen to be in its patli. 

In the later stages of the disease, tlie animal goes dow'n and may 
die ■within a few hours, while in other cases the tei'mination may be 
only after several days. While do^wn, some animals paw and thrash 
almost continuously, whereas others may lie in a stupor to the end. 

The moitality averages about 20-25 per cent in cases of equine en- 
cephalomyelitis due to the “Western” type ■vmus, whereas, ■with the 
“Eastern” type, it may be as high as 80-90 per cent. 

Among those animals which recover from clear cases of encephalo- 
myelitis, a few may he left ■with permanent central nervous system im- 
pairment (“dummies”), the incidence of such residual impairment be- 
ing higher among cases which happen to survive the “Basteim” type 
virus infection. The same situation apparently is true with regard to 
mental damage among human sur^dvors of encephalomyelitis of equine 
■virus type. 

The definite diagnosis of equine encephalomyelitis of -virus type is 
not always an easy matter. While the symptoms in typical cases are 
quite suggestive, attempts to recover virus are by no means always 
successful, even though the case be actually due to ■virus. The 'virus 
of encephalomyelitis is present in the blood stream for only a very 
brief period shortly after infection, usually before the manifestation 
of symptoms. After invading the central nervous system and accom- 
plishing its inimy to that tissue, it apparently is rather rapidly dis- 
sipated. Thus, it may well be missed if blood from a developed case or 
brain material from an animal dying after a protracted course is ex- 
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amined. On the other hand, brain material from acutely terminating 
cases, especially where several specimens from different animals are 
available, will frequently yield the virus, when guinea pig inoculation 
tests are resorted to. The type of virus can then be determined through 
cross immunity tests with guinea pip protected by vaccine against the 
different types of A'irus. 

In cases where the virus has not been recovered, tentative diagnoses 
may be made on the basis of histopathological findings and symp- 
tomatology. 

Equine encephalomyelitis may be confused with a form of toxic en- 
cephalitis found in the corn belt states, and due to moldy or damaged 
corn. A differentiating consideration is the fact that this latter is a 
wintertime disease, usually occurring between November and April. 

True forage poisoning, due to spoiled or damaged forage, plant 
poisoning, chemical poisoning, botulism, azoturia, infectious anemia, 
and certain infectious diseases in which encephalitis is sometimes a 
complicating factor, must be considered in differential diagnosis. 

The treatment of encephalomyelitis frequently proves unsuccessful, 
especially when the “Eastern” type of virus is the causative factor. 
TVTiile anti-encephalomyelitis serum is procurable, it is of little value, 
except, perhaps, in some instances wher'e it is used very early in the 
disease, before symptoms have become pronounced. Once the disease 
has bcome well developed in an animal, symptomatic treatment, to- 
gether with good care and nursing, constitute the most that can be done. 
As most cases of any appreciable duration undergo marked dehydration, 
it is good practice to promote or supply water intake. As long as an 
animal can drink any water, it should be given frequent opportunity 
to do so. When necessary, it can be supplied through use of the stom- 
ach tube and, in the form of physiological saline solution, intravenously. 
Hi^ enemas of cool water are likewise of value and help to lower 
temperature. Glucose inlaravenously, frequently repeated, is of value 
in providing nourishment, particularly in those cases not partaking of 
food in the ordinary manner. Stimulants may be used in the depressed 
cases, whereas with the walking or excitable animal, sedatives are in- 
dicated. Where urination is suppressed, periodic catheterization 
diould be carried out. Antipyretics may be administered, though they 
frequently are of but little help. The animal’s mouth and nostrils 
should be carefully washed out at frequent intervals. During any 
attempted treatment, the affected animal should be kept in a cool, 
clean place, sheltered from heat and sun, and provided with plenty of 
bedding. Further, it is well to turn “downers” over at reasonable in- 
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tervals. Such precautions as are possible should be taken to prevent 
excitable and thrashing animals I’rom injuring tliemselves. As long 
as it is possible for a sick animal .0 take a little feed, it is good prac- 
tice to provide this at frequent ntervals, m a form which can be 
swallowed with the least effort. Care must be exercised not to attempt 
to force an animal to swallow when he may be incapable of doing so. 
If this is not guarded against, foreign-body pneumonia may terminate 
the case. 

While the treatment of equine encephalomyelitis frequently proves 
of no avail, the prevention of the malady in susceptible animals may 
be very effectively accomplished through the use of a vaccine produced 
from virus propagated in the developing chick embryo. This vaccine 
was first produced by Beard, Finkelstein, Sealy, and Wyckoff,® in 1938. 
The vaccine consists of a fine suspension of virus-bearing chick embryo 
tissue, inactivated by formalin. Such vaccine, when administered in 
two 10-cc. subcutaneous doses a week apart, or two 1-cc. intra- 
dcrmal injections, will substantially im mu nize susceptible animals. A 
similar type of vaccine, refined so as to remove a larger proportion of 
the foreign protein, has been prepared for the immunization of man 
in instances where circumstances justify its use. Vaccine of the type 
indicated is also highly valuable for the immunization of guinea pigs 
for use in virus typing tests. There is no cross protection between the 
different types of encephalomyelitis vaccine. It is, therefore, neces- 
sary to produce vaccine for each type of virus. However, for the 
immunization of horses (or man) , a bivalent product can be made by 
mixing vaccines prepared separately from the respective types of virus. 

Aside from prophylactic vaccination of susceptible animals, the pre- 
vention and control of equine encephalomyelitis involves giving con- 
sideration to mosquito control and minimizing exposure to the bites of 
these insects. This is of particular importance in the prevention of 
the disease in the human family, in areas where the malady occurs, 
especially in consideration of the fact that vaccination of man is not 
commonly practiced. 

Equine encephalomyelitis represents an excellent example of a dis- 
ease of considerable importance in both veterinary and human medi- 
cine, and in which findings and accomplishments from investigations 
and research studies of the disease in lower animals have proved of 
great value in connection with the disease in man. Aside from the 
value of these veterinary findings and accomplishments in the control 
and prevention of the malady in man, leads were developed which have 
proved of great importance in studies of several other diseases of man 
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and animals. Thus, the importance and value of collaboration and 
exchange of information between human and veterinary medicine is 
agam emphasized to the mutual advantage of both, and with greater 
benefit to the interests they serve. Meetings and publications such 
as this contribute greatly to the desired goal. 
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PSITTACOSIS, ORNITHOSIS, AND 
RELATED VIRUSES 

By Herald R. Cox 

I'iral and Rickettsial Risearck Section, Lederle Laboratories Division, 
American Cynnamid Company, Pecal River, New York 


Psittacosis is a natural disease of birds which occasionally is trans- 
mitted to man, in all probability through the inhalation of infective par- 
ticles. It is one of the rarer diseases caused by filterable virus infec- 
tions. 

Juergensen^ was probably the first observer to recognize the disease 
as a distinct entity which manifests itself chiefly as an atypical pneu- 
monia. Ritter® and Wagner’ referred to it as a “pneumo-t 3 ^hus.” 
The worst outbreak of the disease hitheito noted in Europe took place 
in Paris, in 1892, when there were 51 cases with 16 deatlis. It was 
during this epidemic that Nocard^ discovered what was thought to be 
the causal agent, an organism of the Salmonella group, later shown to 
be identical with Sahnonella typhi mttnum.''< “ Further cases were ob- 
served during the next four years and, in 1895, Morange' proposed that 
the disease be called “psittacosis”. 

The widespread pandemic of 1929-1930, during which the disease 
occurred in at least twelve different countries, with approximately 
750-800 human cases of psittacosis,* stimulated renewed investigations 
in the disease, and it was soon conclusively proved by a number of 
workers that psittacosis was not caused by Nocard’s bacillus but was 
due to a filterable ^^rus infection.* 

Properties of the Virus 

A number of reports, published in 1930, showed that the infectious 
agent w’ould pass filters that retained ordinary bacteria. Thus, Gor- 
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don^'’. showed that the virus was able to pass through Seitz EK 
asbestos discs. Bedsoix^‘ used Chamberland Li bis and L 2 candles and 
observed that, while the filtrate of a 5 per cent mouse spleen suspension 
was infective for mice, it was considerably less than was the unfiltered 
material. Levinthal” and Krumwiede, McGraili, and Oldenbusch^* 
found the virus to pass Bcrkefeld V candles, while Armstrong, McCoy, 
and Branham“ found it to pass Berkefeld N candles. 

Fiu^her studies, carried out with graded collodion membranes, by 
LevinthaP® with mouse spleen virus, and Lazarus, Eddie, and Meyer*^ 
with egg membrane virus, have shown the virus to measure from 200 
to 300 millimicrons in diameter and to be one of the larger, if not the 
largest, known virus. 

The so-called elementary bodies, in all probability the virus par- 
ticles themselves, were promptly demonstrated, almost simultaneously 
and independently, by a number of workers, in 1930. These bodies, 
generally called L.C.L. bodies from the names of their discoverers, Lev- 
inthal, Coles, and Lillie,^®’ measure 200 to 300 millimicrons in di- 
ameter and are, as a rule, readily demonstrable in the blood, tissues, 
and exudates of most diseased birds and mice, and often in man as 
well as in experimentally infected animals. In sections stained with 
eosin-methylene blue or Giemsa, the elementary bodies appear as tiny 
blue spherical or ovoid cocci, lying either in the c 3 doplasm of certain 
mononuclear cells or free in the tissue spaces. They are readily 
stained by either the Machiavello or Castaneda methods for the dem- 
onstration of rickettsiae. In comparison to the other morphologically 
visible viruses, they are unique in that they are readily demonstarable 
by both the Feulgen and Castaneda methods.®* The virus of lympho- 
granuloma venereum stains only by the Castaneda method, while vac- 
cinia virus is not demonstrable by either method. Lillie®® was so im- 
pressed by the bacillary appearance of the elementary bodies that he 
proposed the name, Kickettsia psittaei, for them. However, most in- 
vestigators now agree that it is highly improbable that they are related 
to the rickettsiae, since in no instance has an insect vector been impli- 
cated. Bedson®® prefers to retain the elementary bodies of psittacosis 
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in the virus group along with the viruses of trachoma, inclusion con- 
junctivitis, and lymphogranuloma inguinale, in what he terms the 
“right wing” of the virus group. Thus, he states “if in the future it 
proves justifiable to separate the viruses from the rickettsiae, the right 
wing group would bridge the gap between them.” 

In material taken from animals which have died as the result of in- 
fection, or in those killed in the later stages of disease, the typical 
L.C.L. bodies may be present in great numbers and are the only forms 
encountered. However, Bedson and Bland®® observed that, in the 
early stages of experimental psittacosis, large bodies develop in the 
monocytic cells, which may have a diameter of about 1 micron. At 
first, Bedson®^ believed that these large forms represented a plasmodial 
stage in the life cycle of the virus; but later he concluded that the big 
inclusion-like bodies were actually made up of numerous bodies.®"* 

The number of elementary bodies may vary greatly in infected birds, 
mammals, and man. As a rule, they are readily found in material 
taken from birds ; however, at times, they are difficult to demonstrate. 
Most observers agree that mice infected with psittacosis regularly ex- 
hibit large numbers of elementary bodies in the liver and spleen, and 
that in these animals they are of important diagnostic significance, 
comparable to the Negri bodies of rabies. In their experimental 
studies. Rivers and Berry failed to find elementary bodies in infected 
guinea pigs, rabbits, and monkeys.-"’* ®'’ 

All attempts to giw psittacosis virus on artificial media, or in the 
absence of living cells, have ended in failure.®^’ Furthermore, in a 
series of interesting experiments, MacCallum®’' observed no signs of 
multiplication of the virus in tissue cultures in which the virus was 
separated from the tissue cells by a collodion membrane, permeable 
to horse serum, but which held back the virus. MacCallum’s work 
fully supports the view that the virus of psittacosis is an obligate para- 
site. 

However, the virus has been shown to grow' readily on the chorio- 
allantoic membrane,®®* in the yolk sac membrane,®® and in the allan- 
toic cavity of the developing chick embryo,®^* ®® as well as in fluid tissue 
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cultures or on the semi-solid media of the Zinsser-Fitzpatrick-Wei 
type.*® Burnet and Rountree*® showed that, when the virus is dropped 
on the chorio-allantoic membrane of 10-day-old chick embryos, char- 
acteristic pock-like lesions are found 3 to 4 days later, and the de- 
velopmental changes in the appearance of the virus bodies can be well 
observed in impression preparations made from the e^ membrane 
lesions. No infection of the embryo proper takes place, and the 
membrane lesions are, as a rule, rapidly resolved after the third or 
fourth day. 

The infectious agent is apparently not stable in the presence of 
glycerine, but withstands desiccation for months and is stable, when 
stored at —76° C., for over a year. It is rendered non-infectious when 
heated at 70° C. for 15 minutes.® 

PSITTACOSIS IN MAN 

Present knowledge indicates that it is most probable that tlie virus, 
when it causes acute infection in man, gains access through the upper 
respiratory tract. From there, it is disseminated to the lungs and the 
other tissues. Armstrong®* has given an excellent description of the 
clinical picture of the disease, and we quote him as follows: “The dis- 
ease may begin suddenly with chilly sensations, fever and headache, 
or these may appear after a few days during which the patient has not 
felt exactly well. The fever when first recorded is usually 100° to 
102° F. and tends %vith irregular remissions to rise to a height of 103° 
to 105° F. during the second week. The pulse is likely to be slow, con- 
sidering the temperature. Nosebleed is not uncommon. Focal lung 
lesions with physical signs may be present at the first examination or 
appear after three or four days. There is usually but little cough or 
expectoration early, but these may develop later. The cough is 
usually non-productive. Chest pains may be present. The tongue, 
as a rule, presents a hea'v'y white to brownish coat, with red edges, but 
may be cracked and diy. The appetite is lost and constipation is 
the rule. Abdominal distention is troublesome in many cases. Albu- 
minuria is a very constant accompaniment after the disease is estab- 
lislied and retention may be present. Rose spots have been occa- 
donally reported. The blood count is usually normal or slightly above 
normal during the first few days, but a leucopenia is the rule later on. 
In one case the count was as low as 600 cells on the twentietJi day of 
illness, but counts from 3,000 to 5,000 are more conomon. DeliriTun 
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is coQunon. when the temperature is high; stupor may be present. 
Dreams are likely to disturb the sleep, and insomnia may be trouble- 
some. The fever may terminate after about eight days or continue for 
three weeks or more.” 

Relapses are not too uncommon. The relapses begin with symp- 
toms similar to those of the original onset, but they run a milder course, 
with the temperature rising to 100°-102° F. and then gradually fall- 
ing to normal within a few days. Phlebitis seems to be the most 
common complication. The disease is much more likely to termin- 
ate fatally in persons above the age of forty. 

The diagnosis of the disease is greatly aided by obtaining a history 
of exposure to sick parrots, parrakeets, canaries, pigeons, chickens, or 
other birds, and by the use of the complement-fixation test in showing 
the presence of antibodies during the convalescent period. Conclusive 
proof of the nature of the disease may be made by inoculating the 
sputum or blood of patients into a susceptible animal, such as the 
white mouse, and isolating the specific causative agent in this host.“’ 


PSITTACOSIS IN BIRDS AND MICE 


The spontaneous disease in parrots or the experimental disease fol- 
lowing inoculation generally becomes evident within three to fourteen 
days after exposure to the virus. However, the incubation period, in 
certain cases, has been known to be prolonged up to thirteen weeks.®*’ 
In the beginning, the bird refuses food, the feathers become ruffled, Uie 
bird shows signs of sleepiness, sitting motionless on the perch, with par- 
tially or completely closed eyes, and occasionally exhibiting periods of 
shivering or convulsions. The birds become emaciated, show a pro- 
tmding breastbone, and their breathing becomes labored, due, in part, 
to an accumulation of mucus at the nares. A certain number may 
show diarrhea with greenish stools, while many may show tail-feathers 
soiled with grayish, mortar-like urate concretions. Frequently, the 
birds die suddenly, after remaining in this stage for several days, or 
they may make a slow rccovciy. According to Meyer,® “a parrakeet 
dead or acutely ill, or recently recovered from an attack of psittacosis, 
shows at postmortem a few drops of mucus on the ceres, atrophic pec- 
toral muscles; a large, heavy, tougji, slightly saffron to ochre colored 
liver, occasionally (about 10 per cent) studded with fresh or partially 
healed necroses and infarcts, a sli^tly enlarged and congested spleen; 
very rarely a few consolidated patches of pneumonia in the lower por- 
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tions of one or both lobes of the lungs.” Elementary bodies may be 
seen in the tissues of the birds, or may be better demonstrated by in- 
jecting mice with the bird tissues. 

Knunmede, McGrath, and Oldenbusch" were among the first to 
show that the white mouse is higlily susceptible to psittacosis. Other 
animals, such as guinea pigs,’^ rabbits, and Rhesus monkeys,®® likewise 
have been shown to be susceptible, in varying degrees, but the mouse 
has been universally found to be most useful and relatively safe for 
diagnostic and investigative purposes.®*- * In fact, the white mouse 
has displaced all birds as the experimental animal of choice, except 
in certain instances in which the Java ricebird {Munia oryzivora) or 
the canary may offer special advantages. 

Mice injected intraperitoneally with “psittacine” virus (in contrast 
to “omithotic” virus) generally succumb within four to twenty days, 
depending upon the virulence of the strain and the quantity of virus 
introduced. 

The Java ricebird and the canai-y are hi^ily susceptible to psitta- 
cosis, and readily acquire infection when they are exposed to diseased 
parrots or parrakeets being held in the same room or aviary.® 90 to 
95 per cent of the birds succumb to exposure or inoculation within 5 
to 65 days. Ricebirds or canaries that have been lightly exposed, or 
that received minimal amounts of infectious material, may show clini- 
cal disease followed by recovery, and latent infection with the virus, 
for a period of time up to 6 weeks. However, the cloaca rarely con- 
tains the virus in demonstrable amounts, so that ricebirds and canaries 
have never been known to cause airborne infections. Neither have 
they given rise to infection in other susceptible birds exposed to them.® 

The most conspicuous lesions in psittacine birds and mice are the 
focal necroses of the liver. Grossly, the lesions appear as white or 
yellow areas often surrounded by a red margin. They occur in 
greatest numbers near the edge of the liver, and suggest infarcts. 
Microscopic examination of the liver during the early .stages of the dis- 
ease shows scattered gi'oups of cells with acidophilic and pyknotic 
nuclei, thus revealing extensive damage. Later, these damaged cells 
are replaced by fibrin, mononuclear and polymoi-phonuclear leucocytes, 
and by lymphocytes. The Kupffer cells show swelling and prolifera- 
tion, and elementary bodies may frequently be seen -outside of them. 
The spleens of parrots and mice are usually enlarged, due to the in- 
filtration of the tissue by mononuclear cells. In mice particularly, areas 

"Badsoa, S. P., » X. WMttecit. Brit. J. Esp. Path. 11: 602. 1980. 
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of necrosis appear througliout the splenic pulp, as well as in the follicles. 
Elementary bodies may nearly always be found in large numbers 
throughout the spleen of infected mice, as well as in the serofibrinous 
peritoneal exudate. 

IMMUNITY IN MAN 

It is generally believed tbat individuals that have recovered from 
an attack of psittacosis are, as a rule, resistant to a second infection. 
However, a few reports in tie literature indicate that immunity is not 
of life-long duration, and Wenckebach*® quotes a case in which a lab- 
oratory worker developed a second attack of the disease, 6 years after 
. his original illness. In connection with immunity to psittacosis, Ger- 
lach*® has raised the possibility that certain persons, whose occupation 
or habits bring them r^eatedly into contact with infected birds, may 
develop a subclinical form of the disease and act as human carriers 
of the infection. 

There is no evidence of any natural immunity against psittacosis. 

Vaccination of human beings against psittacosis was carried out by 
Rivers and Schwentker,*^ who inoculated human volunteers with li\Tng 
virus present in infected mouse liver and spleen suspensions. Neither 
psittacosis nor any other severe reactions occurred. Evidence indi- 
cating that the resistance of the vaccinated individuals was increased, 
was obtained by the fact that neutralizing antibodies appeared in their 
blood. Vaccinated monkeys responded in a manner similar to hu- 
mans. It is worth w'hile to note that both Bedson^* and Rivers and 
Berry*® early observed that virus-neutralizing antibodies could be 
demonstrated in the sera of convalescent cases of psittacosis only 
with great difficulty, and that, as a rule, human convalescent sera failed 
to protect mice against infection with the virus. However, comple- 
ment-fixing and agglutinating antibodies do appear. According to 
Bedson,^* complement-fixing antibodies may appear as early as the 
twelfth day after onset of illness, or may appear as late as the fifth 
week. The use of the complement-fixation test will be discussed 
later. 


IMMUNITY IN ANIMALS 

Experimental animals, such as guinea pigs, rabbits, mice, and birds, 
that have recovered from an attack of psittacosis, are usually resistant 
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to a second inoculation. However, the work of Meyer and Eddie*^ 
has definitely demonstrated that psittacosis virus has the remarkable 
tendency to remain latent in the tissues of manunals and birds for 
relatively long periods of time after the animals have apparently re- 
covered from infection. Thus, these workers, along with Burnet"’ " 
have shown that this inapparent or latent type of infection persists in 
birds that have been bred either in domestic aviaries or in the wild 
state. These findings have been of tremendous importance in devising 
methods to control suitably the spread of the disease, which will be 
discussed later. 

Bedson** was among the first to demonstrate that psittacosis virus 
inactivated with formalin will induce a considerable degree of immu- 
nity in vaccinated mice. He further claimed that the formalin-inacti- 
vated virus could be steamed for as long as 20 minutes without show- 
ing much loss in immunizing power, whereas the steaming of living 
virus preparations greatly lessens their immunizing capacity. Work- 
ing along the same lines, LevinthaB" claimed success in protecting mice 
against as many as 10,000,000 fatal doses of virus, using a vaccine in 
which the virus had been inactivated by the use of methylene blue, ac- 
cording to the method of Perdrau and Todd.*’ In a later communica- 
tion, Bedson** reported the results obtained in his studies to determine 
the mechanism of the inamunity that develops following the injection 
of formalinized vaccines. Prom the data, there is little doubt that 
the vaccine preparations he employed were free of living virus. The 
vaccines consisted of 5 per cent mouse spleen tissue, suspended in M/50 
phosphate buffer of pH 7.6. The preparation was lightly centrifuged, 
to throw down gross tissue particles, and the living virus was inacti- 
vated by the addition of 0.1 per cent formalin. Mice were vaccinated 
intraperitoneally, by receiving 3 injections of 0.3 ml. each. They were 
challenged, intraperitoneally, 10 days after receiving their last injec- 
tion of vaccine. It was found that crude tissue vaccines induced 
somewhat better immimity in the vaccinated mice than did vaccines 
prepared from washed elementary bodies. Vaccinated mice were re- 
sistant, for at least 109 days, against 100-1,000 MLD, given by the 
intraperitoneal route. However, one of the most interesting findings 
was that killed vaccine does not induce tlie development of a mechanism 
whereby active virus is destroyed, when subsequently introduced into 
the tissues. Thus, mice which had been immunized with formolized 

« K«7«r, K. P., Sc B. BdOia. Proc. Soc. Exp. Biol. & Hed. 80: 483. 1933 
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vaccine became infected, when inoculated even with small amounts 
of living virus, although they showed no symptoms of illness as the 
result of the test injection. Such mice, when killed 2 or 3 months 
after the challenge test, always showed living virus in their spleens, 
when this tissue was inoculated into other normal mice. Mice with 
inapparent infections were found to harbor living virus in their spleens 
for as long as 7 months, but not 9 months. Furthermore, it was found 
that serial passage of living virus through five passages in formalin- 
vaccine-immunized mice, and extending over a period of 290 days, pro- 
duced no appreciable change in the virulence of the virus when it was 
re-introduced into normal mice. Specific virus-neutralizing antibodies 
in low concentration could be demonstrated in the sera of mice immu- 
nized with killed vaccine. Mice injected with apparently neutral 
serum-virus mixtures showed inapparent or ^'silent” infections, which 
lasted for many months. 

From Bedson’s work, it is obvious that the development of a re- 
sistant state in the host does not depend upon the existence of living 
virus in the tissues, since his experiments have definitely shown that 
a high degree of resistance can be induced by killed vaccines which con- 
tain no living virus and do not lead to the development of an inappar- 
ent infection. However, it is entirely logical to believe that the ini- 
tial resistance induced by the use of killed vaccines may be increased 
and maintained by the added presence of living, active virus, intro- 
duced so as to bring about an inapparent infection. Bedson^s work, 
furthermore, suggests that the presence of antiviral substances in the 
serum is one of the chief factors in the maintenance of a resistant 
state. 

Yanamura and Meyer,*® likewise, have reported success in immuniz- 
ing mice with formalin-inactivated vaccines. However, they found 
that mice vaccinated by the intraperitoneal route, which resisted 100 
to 1,000 MLD when challenged by the intraperitoneal route, were still 
susceptible to fatal infections when challenged intracerebrally or intra- 
nasally with the same or much smaller doses of virus. Their observa- 
tions confirmed the resulte reported by Rudd and Burnet.®® Further- 
more, they noted that, of mice recovered from active infection induced 
with living virus injected subcutaneously, only a few scattered individ- 
uals remained resistant to an intranasal challenge dose exceeding 1 ,000 
MLD. Such results were not too encouraging to them in the hope to 
develop active immunity of considerable degree in a highly susceptible 
animal, or in man, against airborne infection. Meyer has also suggested 

^ TanAmuxa, K. Y., ft K. r. aceyer. J. Immunol. 44: 195 . 1942 . 
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that the determinant factors responsible for the production of active 
immunity to psittacosis are resident in the host’s cells, while the specific 
antibodies found in the serum play only a supplementary role. This 
suggestion is based on evidence that the mononuclear cells of geneti- 
cally resistant mice acquire a more effective capacity to inhibit, or to 
destroy, the virus, than do the corresponding cells of very susceptible 
mice. 

Meyer, Eddie, and Yanamura,®^ working with ricebirds and parra- 
keets, confirmed their observations made on mice. They found that 
ricebirds and parrakeets, vaccinated intramuscularly with formalin-in- 
activated vaccines, were rendered resistant to significant challenge doses 
of living virus. However, protection was not entirely complete, since 
individual birds were found susceptible. Infection, and frank disease 
with death, was the rule, when vaccinated ricebirds were challenged with 
test doses exceeding 100 MLD for mice. However, the immunity, when 
once established, was foxmd to persist for a considerable length of timp 
In confirmation of Bedson’s findings, the authors found that birds that 
had been vaccinated and subsequently challenged with living virus could 
harbor the active agent for as long as 2 months in their spleen and liver, 
without ever showing signs of illness. Upon subsequent test in sus- 
ceptible animals, the infective agent was found to have retained all 
its original infectiousness during its sojourn in the tissues of the vac- 
cinated birds. 

Bedson*® has carried out studies concerning the antigenic properties 
of psittacosis virus, and his results clearly indicate that it has a 
rattier complex chemical composition. Thus, he has shown that im- 
mune sera will fix complement, when either crude saline suspensions 
of infected mouse spleens or washed elementary bodies are used as 
antigen. The complement-fixing power of a crude tissue suspension 
of psittacosis virus apparently depends on the presence of both ele- 
mentary bodies and a more hi^ly dispersed material, which does not 
produce infection and can be removed by filtration through a Seitz EK 
disc, and which can be sedimented to a certain extent by centrifuging 
at 10,000 r. p. m. The extremely poor complement-fixing power of the 
washed elementary bodies may be improved by heating, and still 
further enhanced by boiling. Bedson suggests that boiling destroys 
some substance on the surface of the elementary bodies, which allows 
for unmasking of the heat-stable antigen. By absorption of iTnTnnnft 
serum with unheated antigen and boiled antigen, he demonstrated that 
the virus possesses two antigens, one of which is heat-labile and the 
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other heat-stable, and both of which give rise to antibodies capable 
of fixing complement specifically with their respective antigen. He 
found, furthermore, that washed elementary bodies are agglutinated 
by imnaune guinea pig serum, and that a soluble, heat-stable substance 
is obtained in the clear supernatant fluid following boiling of a crude 
suspension. This gives a precipitin reaction in the presence of psitta- 
^cosis antiserum, and produces a specific allergic reaction in the slfin 
of sensitized guinea pigs. However, this last mentioned heat-stable 
substance failed to fix complement. 

RELATIONSHIP OF PSITTACOSIS TO ORNITHOSIS 

It was known as far back as 1930 that other avian species as well as 
parrots and parrakeets were susceptible to the virus of psittacosis. Tor 
example, it was definitely proved during the 1930 pandemic that human 
cases were contracted from canaries and various species of finches com- 
ing from mixed aviaries in which the disease was prevalent. At the 
time, however, it was thought that psittacines being imported from the 
Amazon region of Brazil (the Brazilian green parrot, Chrysotis ama^^ 
zonicus) constituted the chief source of danger. Then, in 1931 and 1932, 
Meyer and Eddie® made the important discovery that the disease was 
widespread, in latent form, throughout the breeding establishments 
and aviaries of this country. This finding was soon recognized and 
established to be true for aviaries in other countries (see Meyer®) . Sub- 
sequently, Meyer and Eddie®® found several birds in a shipment of na- 
tive Australian budgerigars to be infected when they arrived in Cali- 
fornia, although there had been no known contact with any source of 
infection. This finding cast a suspicion that the psittacines native to 
Australia harbored the virus. The suspicion was doubly strengthened 
when Levinthal®^ demonstrated heavy psittacosis infection in two ship- 
ments of Australian parrots consigned to London. These discoveries 
stimulated Burnet to initiate his studies on the disease in wild Aus- 
tralian parrots.®®* ®® Evidence was accumulated to show that the dis- 
ease was prevalent in each of the important groups of the true parrots, 
the lorikeets, and the cockatoos. Even then, all evidence available 
indicated that the parrot-to-man infection chain constituted the sole 
problem, with the psittacine birds forming the principal reservoir of in- 
fection, while other birds, such as canaries and finches, became diseased 
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merely through contact with diseased parrots or parrakeets. Then, in 
1939, Haagen and Mauer” showed the Ai'ctic fulmar petrel (Ful- 
marus glaeialis) to be naturally infected with the disease, and to be 
the source of the human cases of so-called atypical pneumonia that had 
been occurring in the Faroe islands for the past several years. The 
disease was almost entirely confined to middle-aged women and oc- 
curred in the late summer and early autumn each year. Rasmussen’- 
investigated and found the disease to be clinically similar to psittacosis. 
The disease was an occupational one, since, in the late summer, the 
islanders caught the newly fledged fulmar petrels, which they dressed 
and salted down for food consumption during the winter months. Bed- 
son*^ tested seven suspected human sera by the complement-fixation 
test for psittacosis and found five of the seven to be positive. Haagen 
and Mauer*’ isolated strains of virus indistinguishable from psittacosis 
from both young fulmar petrels and human cases. In addition. Bed- 
son®^ tested sera from 5 human cases of a similar disease that wa^ 
occuri’ing in Iceland, whei-e they also used young fulmar petrels for 
food. He found all five sera to be positive for psittacosis by the com- 
plement-fixation test. 

In 1940, Pinkerton and Swank’® isolated a virus from young pigeons 
which was similar in its properties to psittacosis, and which was found 
to be pathogenic for mice only by the intracerebral route. These ap- 
parently normal birds had been kept on a thiamine-deficient diet fol- 
lowing their delivery. The authors considered it quite possible that • 
the deficient diet may have been responsible for changing the infection 
from a latent, inapparent type into an active, apparent one. 

Coles,®® in 1940, described an epizootic of what was considered to 
be psittacosis among domestic pigeons {Columba Ihna var. doniestica) 
in South Africa. 

Meyer,®’ in 1941, first reported the isolation of a virus similar to that 
of psittacosis from the lung of a patient with a history of exposure to a 
flock of racing pigeons. Of 33 pigeons in the flock, 19, or 63 per cent, 
were found to have a positive complement-fixation titer m their sera, 
and from 4 pigeons a virus was isolated that was found to be indis- 
tinguishable from that of the patient. Further studies, by Meyer and 
his colleagues,®®* * as well as by other workers, such as Smadel,*® 
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Eaton, Francis,*" ’ and Andrewes,®** have disclosed that the widespread 
pigeon lofts contain an even larger reservoir of the virus than is pres- 
ent in all the parrakeet aviaries, and that psittacosis is a far more com- 
mon human disease than was previously recognized.®’^ 

In 1942, Meyer®® demonstrated the virus to be even more widely 
spread in nature, when he showed it to be present as a natural infec- 
tion in chickens. He produced evidence that exposure to such infected 
docks was the cause for certain human infections. The disease has 
also been shown to be present in the docks of the commercial duck 
farmers on Long Island,®® as well as in sea gulls collected in that area/® 
With this newer evidence available, Meyer®®* ® suggested that a more 
descriptive and uniform nomenclature be adopted, which would take 
into consideration the primary sources of infection, whether they were 
of psittacinc or non-psittacine origin. Thus, he suggested the desig- 
nation ^‘psittacosis” to indicate those infections dednitely proven to be 
of psittacine origin, whereas the tei-ra “ornithosis” would describe those 
human and bird infections shown to be due to psittacosis-like agents 
of non-psittacine derivation. Meyer® states that “close to 60 species 
belonging to dve large orders in the class Aves may spontaneously be 
infected with the psittacosis virus.” 

Subsequent studies have shown that psittacosis and ornithosis viruses 
possess other differences than their source of origin. Thus, it has 
been shown that psittacosis virus has a much greater virulence for mice 
by the intraperitoneal route, and a lower virulence for pigeons by the 
intracerebral route, than has omithosis.^^* In addition, Beck, 
Eaton, and O’DonnelF^ have demonstrated differences between psitta- 
cosis and ornithosis on the basis of intracerebral cross immunity tests 
in mice. 

CONTROL MEASURES AGAINST PSITTACOSIS 
AND ORNITHOSIS 

Practically all evidence indicates that outbreaks of psittacosis and 
ornithosis in man come about as the result of contact with infected birds. 
However, this is not necessarily true in every case, since there are con- 
vincing data to show that the disease may be contracted by entering or 
frequenting places or areas where infected birds have been present at 
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one time or another. The 1930 epidemic at the National Institute of 
Health is an example of cases occurring as the result of indirect in- 
fection."-* Experimental work on the disease was started on January 
16, 1930. Between January 25 and March 15, eleven cases of the 
disease occurred among the personnel of 54 employed in the building. 
Only 3 of the patients actually worked with the disease, while the re- 
maining eight never had anything to do with psittacosis, and nothing 
could be determined as to the cause of thehr infection, other than that 
the disease was being studied in the same building. 

As previously stated, the portal ot entry is, in all probability, nearly 
always by way of the respiratory tract. In most instances, the cases 
occur as the result of infection being transmitted from birds to man. 
However, there is increasing evidence showing that the disease may be 
transmitted from man to man.® Eaton and his co-workers’^ have iso- 
lated a strain of psittacosis virus from human pneumonitis cases, which 
they designate as SF virus. Thus, every case of psittacosis or atypical 
pneumonia should be kept in strict isolation, and all persons attend- 
ing such patients required to use goggles and face masks. 

The finding that ornithosis is widely spread in non-psittacine birds 
has necessarily complicated the picture. However, the chief problem 
still appears to be to protect individuals or the public from acquiring 
the infection from psittacines. This applies to birds bred in domestic 
aviaries as well as to imported birds. Meyer and his colleagues have 
demonstrated how the problem may be solved on a practical basis 
by using the complement-fixation and mouse inoculation tests as meth- 
ods for determining whether or not psittacosis virus is present.® Ship- 
ments of imported birds are held under quarantine until the results of 
the appropriate sampling tests are obtained. Likewise, aviaries yield- 
ing infected birds are placed imder quarantine. Birds which give posi- 
tive complement-fixation or mouse neutralization tests must be de- 
stroyed, or held until their sera become negative, while the non-react- 
ing birds must be retested again within 2 months. If deemed neces- 
sary, the entire flock must be destroyed and the premises thorou^ly 
disinfected. All aviaries must be licensed by the State Board of Health 
and must submit a 10 to 20 per cent sample of the breeding stock and 
of immature young birds for laboratory examination. By testing the 
aviary flocks every year, and by enforcing ri^d supervision on all 
breeders, it should be possible, in time, to eradicate the disease in all 
domestic aviaries. 
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Thus far, no practical method for prophylactic vaccination against 
the disease, either in birds or in man, has been devised. However, in 
view of tlie fact that the infectious agent grows so well in the tissues 
of the developing chick embryo, particularly in the yolk sac, and that 
the experimental studies of Bedson**’ and Meyer*®’ have shown that 
formalinized vaccines act as effective i mm un i z i ng agents in experi- 
mental animals, it seems logical to believe that satisfactory, immuniz- 
ing, inactivated vaccines can be produced on a practical basis. 

Sulfonamides have been reported to be of little value in treating 
cases of psittacosis or ornithosis.® However, more recent studies indi- 
cate that certain strains of psittacosis are susceptible to treatanent 
with sulfadiazine.''® Heilman and HerrelT® have shown that penicillin 
is of definite value in treating mice experimentally infected with either 
ornithosis or psittacosis. They suggest that penicillin may be of value 
in treating these diseases in man. 

Turgasen” has reported a case of ornithosis, in a pigeon fancier, in 
which recovery followed penicillin therapy. Ornithosis virus was re- 
covered from one of the pigeons with which the patient had been in 
contact. The patient’s blood cultures were sterile, but his serum taken 
on the fifth day of illness fixed psittacosis antigen in a dilution of 1 :256. 
Penicillin was then administered intramuscularly in a daily dosage of 
100,000 units for 7% days. The temperature became normal on the 
fourth day, and the patient was fully recovered within a month after 
onset of illness. 

More recently, Flippin and colleagues'® reported the case of a 
woman, acutely ill with symptoms su^estive of psittacosis. No at- 
tempt was made to isolate the virus. Diagnosis was based on the fact 
that she recently had been bitten by her parrot, that she had a migra- 
tory pneumonia which resisted sulfonamide therapy, and that she had 
a significantly positive complement-fixing titer for psittacosis in her 
serum. Sulfamerazine was given without effect. On the nineteenth 
day of illness, penicillin therapy was initiated, given in a dosage of 100,- 
000 units a day, intramuscularly. Within 36 hours after the first 
treatment with penicillin, the patient showed definite clinical improve- 
ment, which continued without interruption until recovery was com- 
plete. 
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RELATIONSHIP OP OTHER VIRUSES OF THE SAME GROUP 
TO PSITTACOSIS AND ORNITHOSIS 

In the last few years, various investigators have revealed the pres- 
ence of a large group of virus agents that produce elementary bodies 
which by then’ morphology, staining properties, and cross reactions in 
the complement-fixation test show similarities to the viruses of psitta- 
cosis and ornithosis.'*’ These agents are, apparently, widespread in 
various birds and animals, and some of tJiem, at least, are known to 
be the cause of human infections. Included in the group are the 
viruses of psittacosis, ornithosis, lymphogranuloma venereum, men- 
ingo-pneumonitis, human pneumonitis (SF strain) , mouse pneumonitis, 
feline pneumonitis, Louisiana pneumonitis, inclusion blenorrhea, and 
trachoma. 

The meningo-pneumonitis virus was isolated by Francis and Magill,*® 
in 1934, from ferrets that had been inoculated with human throat 
washings obtained from individuals with clinical cases resembling epi- 
demic infiuenza. It is not known with certainty whether this agent 
came from humans or ferrets. 

The human pneumonitis sti'ain SF was isolated by Eaton, Beck, and 
Pearson'* from the lungs of 2 fatal cases and from the sputum of 2 non- 
fatal cases of atypical pneumonia. 

Pneumonitis viruses have been isolated from mice by Nigg,®^ Gor- 
don, Freeman, and Clampit,"® DeBurgh, Jackson, and Williams,®’ and 
by Kempf, Wheeler, and Nungester.®® 

The feline pneumonitis \’irus was isolated by Baker,®* from the res- 
piratory tract of infected cats. 

The Louisiana pneumonitis vims was isolated from the blood, spu- 
tum, lung, and spleen tissues of fatal human cases of pneumonitis tJiat 
occrured in the Bayou region of southwestern Louisiana, during the 
winter and spring of 1943-1944.®*’ 

As previously mentioned, the complement-fixation test has been of 
little value in identifying the individual members of this group from 
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'<3 DeBnxirlif <8.. V. Jackson, ft S. B. Williams. Australian J. Exp. Biol. & 
Med Scif^nce 93: 107 

MXampf. A. K., A. B. Wheeler, ft W. X imnfirester. J. Inf. Dis. 76: 185. 1945. 

»Baker, J. A. Science 96: 475. 1942. 

M OUon, B. X, ft W. B. Txentliiff. Publ. Health Hep. 40: 1299. 1944. 

^ TrenSsj, W. B, ft B. X Olson. Publ. Health Rep. 41: 1331. 1944. 

»Blnford, O. ElTs O. K. Sanser. Publ. Health Hep. 48: 1863. 1944. 

» Olson, B. X, ft O. Xk. Barson. Publ. Health Hep. 48: 1373. 1944. 

» Olson, B. X, ft O. B. Barson. Publ. Health Hep. 60: 1448. 1945. 

Barson, O. B., ft B. X Olson. Publ. Health Hep. 61: 69. 1946. 
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one another, since they show group specificity by this test rather than 
strain specificity.'"’ " 

Similarly, until recently the serum neutralization test could not be 
used, because of the inability to produce satisfactory neutralizing anti- 
sera against these agents. It should be noted here that most of the 
earlier attempts to produce hyperimmune sera against these agents 
utilized the rabbit as the experimental animal to be immunized. 

Differences between the various agents of this group have been rec- 
ognized on the basis of their source, by cross-active immunity 
tests,'"’ by pathogenicity tests in various animals and birds,”’ 
8, <. 2 , 72 jjy Qjj resistance to sulfonamides^’ **’ and toxin neutrali- 
zation, and by toxin death curves in chick embryos and white mice.*®’ 

68, 96 

Recently, Hilleman and Gordon,^*®’ and Hilleman'®® have 
shown that potent, type-specific neutralizing antisera may be prepared 
against certain members of the group, by hyperimmunizing chickens 
against the agents. 

Wliile comprehensive review of all tlie articles pertaining to clarifying 
the characteristics and classification of these agents would take up too 
much space, a summary of their more important properties is shown in 
TABLES 1 and 2. 

The data may be briefly summarized as follows: The meningo- 
pneumonitis and ornithosis viruses, on the basis of cross-active im- 
munity tests and pathogenicity tests in birds and animals,®*’ ®® as 
well as by serum neutralization tests,*®* are apparently identical. 
These viruses differ from psittacosis in that the latter is much more 
virulent for mice by the intraperitoneal route, and much less virulent 
for pigeons by the intracerebral route.”’"’” Serum neutralization 
tests have revealed no relationship between the meningo-pneumonitis, 
human pneumonitis (SF strain), psittacosis (6 BC strain), mouse 
pneumonitis (Chicago and Atherton II strains), Baker’s feline pneu- 
monitis, and lymphogranuloma venereum viruses.*®* 

Cross immunity tests have shown psittacosis to differ from tiie other 
members of the group.” 


” NlfirfiTi Cm ft M. ». fiaton. J. Exp. Med. 79: 497. 1944. ^ ^ . 

•aMfSIleJolui, Oh V. D. Beok, ft K. D. Baton. J. Clin. Invest Sgi 167. 1944. 

M Baton. s£b., W. B. lEartl% ft aMC. 2>. Beok. J. Exp. Med. 75: 21. 1942. 

•» KauM, Bh ft O- jTlnf. Dls. 74: 206. 1944. i n. nir kak 

^ M. SkalfeVt ft B. Tkyffeson. Proc. Soa Exp. Biol. & Med. 49 : 545. 


1942. 


1942. 


naike. Oh K. Jones, ft O. Bijpfir. Soc. Exp. Biol. & Med. 49 : 449. 

Msake. O.. ft K. Jones. J. Exp. Med. 79: 462. 1944. 

~ mS Om ft K. Jones. Proc. Soc Exp. Biol. & Med 63: 86 1943. 

^ooBUleman, M. R., ft B. B. Gordon, ^lenco 98: 347. 1948. 

iwHlUeanan! 1C. B., ft B. B. Gordon. (Abstract) J. Bact 68. 1944. 

ni, B., ft p. B. Gordon. Proc Soc. Exp Biol. & Med. 56: 159. 1944. 

I<n mnaniftTij M. R. J. Inf. Dis. 76: 96. 1945. 
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Occasionally fatal. 
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Baker’s feline pneumonitis virus differs from psittacosis, ornithosis, 
and meningo-pneumonitis in that mice can be infected by the intra- 
cerebral and intraperitoneal routes only by using very large amounts 
of the feline virus.®' Lymphogranuloma venereum, mouse pneumon- 
itis, and SF viruses do not infect mice by the intraperitoneal route. 
The feline virus is insusceptible to sulfonamide drugs, while lympho- 
granuloma venereum, trachoma, inclusion blenorrhea, and mouse pneu- 
monitis are susceptible.®^’ The feline virus has also been shown 
to differ from the agents of lymphogranuloma venereum, mouse pneu- 
monitis, and meningo-pneumonitis, on the basis of serum neutraliza- 
tion^®' and toxin neutralization tests.®'’ ** 

Nigg’s mouse pneumonitis virus (Atherton II strain) , and that iso- 
lated by Gordon and used by Hillenian,^®' are apparently iden- 
tical.®** *®' They differ from the agents of meningo-pneumonitis, or- 
nithosis, SF human pneumonitis, psittacosis, feline pneumonitis, and 
lymphogranuloma venereum in serum neutralization tests.^®' They 
differ from the lymphogranuloma venereum, feline pneumonitis, and 
meningo-pneumonitis viruses in toxin neutralization tests.®'’ ®® They 
may be readily differentiated from lymphogranuloma venereum virus 
by their failme to infect mice intracerebrally, by their high infectivity 
for mice by the intranasal route, and by cross immunity tests.^^’ ®*’ **' 
However, the recent articles of Kempf and colleagues,®* and of De- 
Biugh and co-workers,*® indicate that all pneumonitis agents of mouse 
origin and producing typical elementary bodies are not alike. Thus, 
Kempf found that mice immunized against meningo-pneumonitis vii-us*® 
or Nigg’s mouse pneumonitis agent®^ were not protected against the 
“Ann Arbor” virus.®' Mice immunized with the “Ann Arbor” virus®' 
showed comparable protection against the homologous virus and Karr’s 
“Chicago strain” pneumonitis virus,*®® but were not protected against 
Nigg’s mouse pneumonitis agent.®* The relationship of the “Ann 
Arbor” virus to other members of the group is not known. DeBurgh 
and colleagues®’ reported the isolation of an organism which, like 
Nigg’s virus,®* was a natural inhabitant of the respiratory tract of 
mice. However, it more closely resembles psittacosis in that it is 
pathogenic for mice by the intracerebral and intraperitoneal routes 
as well as the intranasal route and, unlike Nigg’s virus, is not suscep- 
tible to sulfonamides. 

By serum neutralization tests, the agent of lymphogranuloma 
venereum has been shown to differ from the viruses of meningo-pneu- 

B-O. Bake, 9s 8. Staama. J. Inf. Dis. 76: 55. 1945. 

^Kaxr, kTV. J. Inf. Dls. 76: 108. 194$. 
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monitifa, oraithosis, SF human pneumonitis, psittacosis, mouse pneu- 
monitis, and feline pneumonitis.^* ‘ It also differs from all other mem- 
bers of the gi'oup in that it shows a lower infectivity for mice by the 
intranasal route.^*®' It differs from psittacosis, SF hmnan pneu- 
monitis, ornithosis, and meningo-pneumonitis agents in that it does 
not infect ricebirds by the intramuscular route and does not infect 
pigeons by the intracerebral route.” It has been shown to differ from 
the agents of meningo-pneumonitis, mouse pneumonitis, and feline 
pneumonitis by toxin neutralization tests and toxin death curves.®*’ ®* 

The SF human pneumonitis virus differs from psittacosis, ornithosis, 
and meningo-pneumonitis viruses in that it does not infect mice by the 
intraperitoneal route and has a much lower virulence for birds and a 
lesser tendency to induce latent infections.’^* It also differs in cross 
active immunity tests.”^ It has been shown to differ from the meningo- 
pneumonitis, mouse pneumonitis, and l3ntnphogranuloma venereum 
agents by serum neutralization tests.’*® It differs from Baker’s feline 
pneumonitis virus in that it does not infect mice by the intraperitoneal 
route, while the latter does, when used in sufiBcient quantities.”* ” 

The Louisiana pneumonitis vims*® could not be differentiated, by the 
complement-fixation test, from the viruses of SF human pneumonitis, 
psittacosis, ornithosis, and lymphogranuloma venereum.®’ However, 
it could be differentiated from the above viruses by its ability to pro- 
duce fatal infections in guinea pigs, and by the fact that it killed mice 
by every route of inoculation, including the subcutaneous and intra- 
muscular routes.®’ No seium neutralization tests, such as those re- 
ported by Hilleman,"'* w’erc earned out. 

It is apparent, from the previous account, that a great deal of un- 
certainty and confusion still exists regarding the exact relationship of 
a number of the abovementioned \’iru' 3 es Smadel®’ is of the opinion 
that the differences shown by the above agents are no greater than 
those found among the strains of a number of viruses. He therefore 
suggests that, until sufficient data are accumulated to justify a classi- 
fication of these agents, the term, psittacosis-lymphogranuloma virus, 
be used for the entire gi’oup. A further suggestion is that individual 
members of tlie family be tenned a^- "trains of the viruses of psittacosis 
or of l3nnphogranuloma venereum, depending on which of the two the 
agent in question resembles more closely. 

In conclusion, Jones, Rake, and Steams’** hav'e recently reported 
that sufficient evidence is now available to differentiate this group of 

van dan Sade, K., is D. Knsli. J. Path. & Bact. 58l 81. 1943. 

^ Shaffar, K. Z*., O. Baka, ft 0. IK. KoXaa. Proc. Soc. Bzp. Biol, ft Mad. 4t: 408. 
1940. 
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infectious agents from the true muses. They believe that these agents 
occupy a position midway between the viruses and bacteria, and sug- 
gest the term, Chlamydia, to differentiate the group from the Rickett- 
siae which occupy a similar position. 



THE RELATION OF BRUCELLOSIS TO 
HUMAN WELFARE* 

By I. Fobest Huddijbon 

Department of Bacteriology and FubUc HedUh, 

Michigan Htaii Colhgc, Enit Laming, Michigan 

For many years, it has been a common practice for those interested 
in agriculture to gauge the effect of a disease of animals on the basis 
of economic losses: that is, the monetary income of those 'who own 
the animals, and the cost to taxpayers who supply the funds for its 
prevention and control. It can be argued, in all seriousness, that this 
criterion has ■virtue, when efforts are being made to bring to the atten- 
tion of specific groups of people the need for taking necessary measures 
for the prevention and control of an animal disease. However, when 
a disease is viewed and considered in a more embracing and far-reach- 
ing direction, namely, its direct and indirect effects on human welfare, 
monetary losses are dwarfed into insignificance. 

Although all members of the veterinary profession are aware of the 
economic effects of animal diseases on the livestock industry, there are 
only a few who have given much thought to, or even considered, how 
closely their professional activities are geai'ed to man’s present way 
of life or impi'ovement in his Imog conditions. 

One could find no parallel in the amount of discomfort to man’s 
present-day routine of living, if a serious animal disea.^e slrould sud- 
denly reduce or interrupt the flow of those foods from animal sources 
now considered essential for the maintenance of good health. The 
imaginary discomforts which many could hardly endure under war- 
time food rationing would, by comparison, seem like mild irritations. 

It- may be stated without reservation that, when a situation decreases 
the output of a very necessary and important food used in the daily 
diet of a large percentage of our population, it becomes a problem that 
affects human welfare. This may involve higher costs of food for 
those least able to pay, or insufficient food to satisfy the minimum 
requirements of those who should not be denied it, such as children. 

It is also a well-known fact that animals serve as the host or reser- 
voir of many diseases to which humans are susceptible. These diseases 

‘Journal nrtirie No. SW-na, MMilgan AgncuHural Btperiment Station. 
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are transmissible to man by direct contact with animals or throng 
infective foods derived from them. In many cases, the animal disease 
continues to be a disease of humans only because of the continued 
existence of infected animals. Once the latter are removed, or when 
a link in the infection chain from animal to man is broken, it ceases to 
be a major disease of humans. 

Of all the diseases which might be considered in this category, 
brucellosis is one of the most important. One might go so far as to 
say that there are few animal diseases today that play as important a 
role, both directly and indirectly, in man’s w.elfare, as does brucellosis. 
It has become a noted disease, because it affects the health and 
productivity of goats, cattle, and swine: three of man’s most useful 
and important food-producing livestock. In addition, the health and 
welfare of human beinp are known to be adversely affected by it, either 
directly or indbectly. 

Human beings become involved in this disease as the result of being 
unfortunate trespassers on the road on which the organisms travel from 
animal to animal. From what is known of the history of this disease 
in humans, it would soon cease to exist as such if all infected animals 
were destroyed. 

During the past twenty-six years, brucellosis, or undulant fever, has 
been recognized in humans located in all the 48 states. It is now well 
known that all three species of Brucella, after invasion of the tissues, 
are capable of giving rise in humans to similar febrile diseases that tend 
to become chronic in nature. The sources of the disease in humans 
have been known for many years, but the comparative importance of 
tlie various means of its transmission to humans is just beginning to be 
realized. 

From the epidemiological data collected by two groups of workers, 
it is now possible to evaluate the problem that brucellosis presents in 
a large populated area and, from this, set into operation plans directed 
toward its prevention. During the past 18 years. Hardy and his 
associates,^ and Jordan^’ ® have been carefully collecting epidemio- 
logical data on' the occurrence of brucellosis in the population in Iowa 
and have tabulated, according to their occupation, the yearly morbidity 
rates of those affected. They have also sou^t to show how contact 
"vrith farm animals compares with the use of raw milk as the means 
of transmission. In Iowa, all three species of Brucella have been 
associated with the disease in humans, and their source appears to be 
either the cow or the hog.® 

The data covering the annual morbidity rates of human brucellosis 
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in the state of Iowa are divided into three groups of years and are pre- 
sented in TABLES 1, 2, and 3. From the 3,111 known cases which the 
authors studied, during a period of 18 years, one should obtain fairly 
conclusive e\’idence as to how various means compete with each other 


Table 1 

MoRBrniTY Rates op Undulant Fever in Relation to Occupation (Hardy et al*) 


Occupation 

Cases, 

1927- 

1935 

Population 

1930 

census 

Annual 
rate per 
100,000 

Packing house employees 

103 

8,000 

142.5 

Men on farms* 

422 

324,000 

14.5 

Women on farms 

80 

250,000 1 

1 3.6 

Others 10 years and above 

371 

1,375.000 1 

f 3.0 

Children under 10 years 

15 

464,000 

1 0,4 

Total 

991 


4.5 


* Includes farm laborers, estimated number 74,000. 


Table 2 

Morbidity Rates op Undulant Fever in Relation to Occupation (Jordan*) 


Occupation 

Area 

Per 

cent 

contact 

with 

live- 

stock 

Per 

cent 

using 

raw 

milk 

Cases, 

1936- 

1941 

Popu- 

lation 

in 

group 

Annual 

rate 

per 

100,000 

Child 

Rural 


85 

47 

1,454,037 

0.5 

Farm wife 

Rural 

40 

100 

81 

1,454.037 

0.9 

Farm worker (male) 

Rural 


100 

320 

311,776 

17.1 

Child and teen age 

Urban 

23 

77 

26 

1,084.231 

0.4 

Housewife 

Urban 

3 

92 

36 

1.084.231 

0.6 

M erchant — professional 

Urban 

25 

84 

154 

1,621,500 

1.6 

Packing house worker 

Urban 

98 

20 

118 

15,000 

131.1 

Total 

Urban 



782 

2,538,263 

5.1 


in the transmission of the disease. When the data are analyzed ac- 
cording to the population in each occupational group and their his- 
tory of exposure, it becomes clearly apparent that contact with the in- 
fected live animal or its carcass plays a much more important role 
in the transmission of brucellosis to humans than does the use of raw 
milk. This fact holds true, regardless of whether the infected animal 
is handled on the farm by the fanner or the veterinarian, or at the 
point of slaughter by the packing house worker. It is interesting to 
note that there is a striking correlation between the annual morbidity 
rates in those groups in which the rates were the highest for all three 
periods. Surprisingly, the occupational group showing the highest 
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annual morbidity rate for the entire period has been the smallest user 
of raw milk. On the other hand, the farm women, all of whom used 
raw milk, show an annual morbidity rate that differs in only a small 
degree from that found in urban groups, most of whom also used raw 
milk. The data presented in tables 1, 2, and 3 give us a better under- 
standing of the modes of transmission of the disease to humans, and 
indicate the methods that sliould be followed for its prevention. 

In the United States, it has not yet been made clear, through epi- 
demiological data, what effect the use of pasteurized milk has had, or is 
having, on the incidence of human brucellosis. When cases occur in 
areas where only pasteurized milk is sold, it is not always possible to 
rule out the use of uupasteurized dairy products or contact with infected 
animals. On the other hand, the low annual morbidity rate of the 
disease in large populated areas where pasteurization of milk has long 
been practised and where it has been consumed by large numbers of 
people, can hardly be attributed to any other factor. 

While three species of Brucella are known to infect cattle, only one. 
Brucella abortus, has, thus far, been shown to be highly infectious for 
the cow. The other two species. Brucella mis and Brucella melitensis, 
have been recovered from the milk of cows in only a few instances. 
The effect of the latter two on the health and productmty of the cow 
is not yet known. 

The disease, known as bovine brucellosis or Bang’s disease, is re- 
garded as being of an insidious nature. This is reflected in the diflS- 
oulty encountered in its recognition, which defies any means except 
laboratory diagnostic tests. The causative organism enters the body 
by way of the digestive tract, or throu^ the skin. For some unknown 
reason, it has a predilection for l 3 Tnphoid tissue and the gravid uterus. 
The preference shown by the organism for the uterus and the mam- 
mary gland as the seats of its action could hardly be more unfortunate, 
in so far as the welfare of man is concerned. 

When the Brucella organisms invade the tissue of a cow, they often 
bring about changes in the gravid uterus, which result in the expulsion 
of the developing fetus. Many infected cows become sterile for long 
periods of time. Valuable and productive breeding stock of rich 
inheritance cannot be continued when this occurs too often. There 
is not only loss of future breeding stock, but a large amount of potential 
m ilTr and meat never reaches the consuming public. It can readily 
be seen that the presence of the disease requires the maintenance of 
more breeding animals to provide meat and milk for human use than 
would normally be necessary. 
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During the present century, the dairy cow and its products have come 
to be as essential to man’s health as the clothes he wears or the water 
he drinks. It may be said without reservation that there is no food 
which influences man’s wellbeing, from the cradle to the grave, as 
much as milk. And thus far, regardless of claims, no substitute has 
been found which will serve the same purpose as milk. 

It has long been known to those who have studied brucellosis in 
cattle, and is now becoming recognized by those in the beef and dairy 
industry, that this disease not only causes a serious decrease in income 
on capital investment, but is responsible for a considerable reduction 
in the amount of milk, milk products, and meat intended for human 
use. This situation not only reduces the supply, but tends to increase 
costs of production. 

It is common knowledge that cows which abort as a result of Brucella 
infection have shortened lactation periods and, consequently, have a 
low milk yield during the year of the abortion. It is not generally 
known, however', that infected animals, even when they do not abort, 
produce, on -ttie average, less milk than tkose not infected. 

That the Brucella organism can result in erctensive damage to the 
milk-producing tissue of the udder cannot be doubted. Substantial 
proof of this has been seen in histological sections of Brucella abortus- 
infected udders, made by Runnels and Huddleson,^ and Ridala.® From 
the extensive damage seen in the udder tissue, one would expect to find 
a lower milk production in infected animals than in those not infected. 

Several investigators have made an attempt to determine the influ- 
ence of brucellosis on the milk yields of dairy cows, over a period of 
one or more years. A considerable amount of data has been collected 
by seven independent groups of workers on this phase of the disease. 
These are summarized in table 4. They have compared the annual 
milk yields of 642 non-infected animals with 389 that were considered 
as infected, on tiie basis of the results of serum agglutination tests. 
The former had passed through 821 lactation periods, and the latter, 
560. 

'The smallest difference, 660 pounds, between milk yields of the non- 
infected and infected, was noted by Minett and Martin,*^ and the 
largest, 3,832 pounds, by Sirxuns and Miller.''^ The average milk 
yields per lactation, for both groups of animals, are considerably hi^er 
than those reported for the average dairy cow in most States of the 
United States. It is presumed, therefore, that the animals on which 
the data were collected were above the average as milk producers. 

According to these investigations, the average RruceZla-infected ani- 
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mal produces 2,063 pounds less milk per lactation than those not in- 
fected. Minett and Martin’ also presented data on one group of 12 
infected cows in their study, which show that, even in the absence 
of abortions, cows produce considerably less milk than those not in- 
fected. This particular group produced 20 per cent less milk per 
lactation than normal ones. 

It is known that there are numerous factors, other than disease, 
which influence the milk yield of cows. Minett and Martin’ have so 
well summarized these factors that they are repeated here. “Correc- 


Tablb 4 

Milk Yields ik BRUCBLLA-lmvEcmi Cows Compweo ■with Those not Infected 


Investigators 

Status 

of 

No. 

of 

No. of 
lacta- 

Average 
milk yield 

Decrease 

lbs. 

Percent- 

age 


cow 

cows 

tions 

lbs. 

decrease 

Hooper'® 

Not infected 
Br. infected 

6 

12 

6 

12 

5949 

3802 

2147 

35* 

White et al} 

Not infected 

38 

108 

9315 

1600 

17t 


Br, infected 

45 

129 

7715 

Simms & 

Not infected 

31 

31 

8542 

3832 

45* 

Miller" 

JBr. infected 

48 

48 

4710 

Fritz & 

Not infected 

209 

379 

9937 

2622 

26* 

Barnes" 

Br, infected 

120 

203 

7315 

Graham & 

Not infected 

28 

28 

9740 

2128 

22* 

Thorp" 

Br. infected 

11 

11 

7612 

Rich" 

Not infected 

116 

115 

8100 

1450 

18t 


Br. infected 

116 

115 

6650 

Minett & 

Not infected 

115 

154 

8803 ± 117 

666 ± 298 

lOt 

Martin^ 

Br. infected 

38 

42 

8137 ± 274 

Totals and 
averages 

Not infected 
Br. infected 

542 

389 

821 

560 

8626+ 

6563 

2063+ 

23+ 


^ Uncorrected yidds. t Corrected yidds. 


tions have to be made in the first place for age (as judged by the num- 
ber of calvings) , length of dry period, service period (interval between 
calving and next effective service), and month of calving. Compari- 
sons of yield can only be made with animals of the same breed living 
under the same conditions of animal husbandry and being milked by 
the same system — ^by hand or machine, as the case may be. After all 
these conditions have been satisfied, it has to be remembered that other 
diseases may have a bearing on the issue.*' 

It may be presumed that five of the groups whose data are set forth 
in TABLE 4 failed to use correction factors in assessing milk yield losses 
in JSntcella-infected cows, as these were not mentioned in their reports. 
In view of this, one is not justified in attributing all of the decreases 
in milk yields which these five groups have reported, as being due to 
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Brucella infection alone. On the other hand, it is logical to assume 
that their figures are not far from being correct, since they corre^ond 
closely to those reported on cows in which correction factors were ap- 
plied in assessing milk yields. 

From the data presented on such a large group of animals over many 
lactation periods, it does not require a well-developed imagination for 
anyone to comprehend that the aggregate loss of market milk or milk 
products to the dairy industry in tiie United States from this one disease 
alone is enormous. This loss emerges Avith greater significance when 
analyzed in terms of the food which the dairy cow population of a state 
buch as Michigan is capable of producing, and when viewed from the 
standpoint of its effect on human welfare. 

According to the 1945 census of the Bureau of Economics of the U. S. 
Department of Agriculture, there are, approximately, 1,080,000 dairy 
cows of breeding age (grade and pure-bred) in Michigan. From 
blood test samplings of areas of the State in which the incidence of in- 
fection is low and high, about 10 per cent of the cows of milk-produc- 
ing age have brucellosis. This means that 108,000 infected animals 
AAdll produce 2,063 poimds less milk per animal, each year, as long as 
the foregoing figures are maintained. Thus, the milk-consuming pub- 
lic, as a result of brucellosis, is deprived of 222,804,000 potmds of mar- 
ket milk yearly. 

According to Professor A, C. Baltzer, of the Dairy Department of 
Michigan State College, the people in Michigan, at the present time, 
consume on the average 400 pounds of milk per person per year. On 
the basis of this consumption rate, the total amount of milk that is not 
produced by the dairy cows in Michigan because of brucellosis would 
supply a total of 557,000 people with their needed whole milk require- 
ments for one year. 

But now let us turn to a consideration of the loss of another dairy 
food through this disease, that of butter. This angle has had special 
significance during the past winter, because of a nationwide shortage 
of this valuable hiunan food. The butter-making industry estimates 
that 100 pounds of milk are required to produce 5 pounds of butter, 
and the average number of pounds consumed per person per year in 
Michigan, before 1941, was 17. If the 10 per cent of Michigan cows 
now infected, w'ere free from brucellosis, they should produce for the 
consuming public 11,140,200 more pounds of butter than they are now 
producing. In other words, enough butter is being lost to supply 
655,300 persons with their butter requirements for one year. 

There is still another important aspect of food losses caused by 
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brucellosis which is worth considering, namely, that of meat processed 
for human consumption. From an evaluation of the annual meat 
losses to the cattle industry of Michigan, one should obtain some idea 
of those which occur in animals in other States where brucellosis is 
just as prevalent. 

According to a voluminous amount of breeding data on Brucella- 
infected cattle which the writer has collected over the past 30 years, 
approximately 15 per cent of those infected do not produce offspring 
each year, due either to abortion or sterility. 

This means that an estimated 16,240 calves are lost, aimually, by 
the 108,000 infected animals of breeding age in Michigan. By multi- 
plying the total number of calves lost each year by the dressed weight, 
80 pounds, of the average veal calf, it is estimated that 1,299,200 
poimds of veal fail to reach the consumer each year because of 
brucellosis. 

One may carry this analysis still further by estimating the loss in 
meat if the calves were raised and marketed, as fat heifers or steers, 
at a weight of 800 to 900 pounds. An 800-pound animal should yield 
a dressed weight of 400 pounds. On the basis of the dressed wei^t, 
there is a possible loss of 6,494,000 pounds of meat to the consuming 
public each year. It must be admitted that this figure is only relarive, 
and only holds true where dairy animals are sold for meat. Certainly, 
a large percentage of the heifer calves, had they been bom, would have 
been raised in the herd or sold to others for replacement of mature 
milk-producing animals. If one should consider these from the stand- 
point of their potential productive capacity as dairy cows, then the 
additional loss in food products to the consumer would be far greater 
than that from meat alone. 

Several published and unpublished studies that have been made on 
hogs, on individual farms where brucellosis was present, clearly show 
that the disease in this animal is of major economic importance to the 
farmer, as well as constituting a limiting factor in the production of 
pork for human consumption. 

Bmcellosis reduces the potentially available meat from swine 
through sterility, abortion, and weak offspring which die before they 
are more than one week of age. At the present time, it is not possible 
even to guess at a figure which would represent the total amount of 
dressed pork that is lost in one of the States where hog raising is an 
important agricultural industry. This is due to tie fact that no one 
has yet had the opportunity to make an extensive survey on farms to 
determine the relative incidence of the disease. Sampling studies, by 
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means of a blood diagnostic test on hogs delivered at the large slaughter 
houses, do not furnish an adequate picture of the extent of brucellosis 
in gilts or brood sows on the farm. The majority of the hogs sent to 
markets for slaughter each year are of an age in which the incidence 
of brucellosis is known to be low. 

Substantial proof that brucellosis is a great destroyer of potentially 
available meat has been obtained from one large hog-raising farm, 
where 119 gilts and sows were bred to farrow in the spring of 1944. 
Brucella blood tests conducted on these revealed that 53, or 44 per 
cent, were positive. If all animals in this group had conceived and 
farrowed healthy pigs, the expected pig crop would have been 371. 
But, due to sterility, abortions, and weak offspring which died before 
reaching one week of age, only 70 pigs were raised to market age. In 
other words, 82 per cent of the expected pig crop was lost. On the 
basis of a marketing weight of 225 pounds, the number of pigs which 
never had a chance to reach market age because of brucellosis, repre- 
sents 54,180 pounds of dressed pork lost for the retail trade. 

Now, in view of the great loss of pigs from brucellosis in 1944, the 
owner of the drove used all possible means of eradicating the disease 
during the fall and winter of 1944-45. His efforts did not go unre- 
warded, as the breeding and farrowing records for 1945 show a sub- 
stantial decrease in loss of pigs from brucellosis. There were 194 
gilts and sows bred to farrow in the spring of 1946. Of these, 15 were 
later found infected, of which 9 aborted, and 6 lost 36 pigs shortly 
after farrowing, due to unthriftiness. This group lost a total of 99 
pigs or a market weight of dressed pork amounting to 17,820 pounds. 
In other words, the pork loss from brucellosis on this farm for 1945 
was reduced by 36,360 pounds from that for 1944. Coming from one 
farm alone, this figure represents a substantial increase of meat for the 
consumer. 

It is known that the incidence of brucellosis, in many large droves 
of hogs, in those States where hog raising is a major farm industry, 
is from 20 to 60 per cent. If these droves are experiencing as great 
a loss as the one just discussed, then the loss of consumer pork, in this 
country, from brucellosis must be a sizable figure. The full signifi- 
cance of the meat losses in the one drove discussed will emerge only 
when there is available more information as to the extent of the disease 
in hogs on farms in our large hog-raising States. 

The magnitude of the effects of this disease, when considered on the 
basis of food losses in the entire cattle and swine population of the 
United States, would appear to lead one into the realm of fantasy. If 
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the figures quoted for both cattle and hop are within an error of 5 or 
10 per cent in either direction, they still leave no doubt in one’s mind 
that brucellosis is a problem which those who are trying to improve 
our human food position — and that of the world — can no longer ignore. 
It is a problem that needs the attention of all those who are interested 
in the betterment of the welfare of all the people. 

In view of the ever-present human health hazard and of the appalling 
losses in foods caused by brucellosis in our food producing animals, it 
IS pertinent to inquire if there is hope that the situation can be improved 
or corrected in the near future. 

No one who has worked for any length of time with brucellosis would 
suggest that there is some simple solution to the problem of its control 
or prevention. There is one point, however, on which most students 
of the disease are in close agreement: it is that the infected animal, 
regardless of species, must be exterminated This must be done in 
order to remove a human health hazard, if for no other reason. The 
latest report of Jordan® on the annual morbidity rates of brucellosis 
in groups of various occupations presents con\’incing proof that the 
pasteurization of food products from infected animals will not alone 
solve this human health problem. Of course, the pasteurization of 
foods, especially dairy products, should be continued and extended. 
The epidemics of brucellosis^’’ ^® in humans, traceable to unpasteurized 
milk from infected cows, are a sufiBcient warning to justify the prac- 
tice. On the other hand, as long as infected cattle and hogs are main- 
tained on farms or sent to slaughterhouses, we can expect the continu- 
ance of a high number of infections in those groups who come in 
contact with these animals. 

From our past knowledge of the prevention and eradication of other 
animal diseases, it may be said that there are three separate or com- 
bined roads which mi^t be followed with respect to brucellosis. The 
first of these is the use of a drug, or other agent, which will cure the 
disease in animals. The second is the detection and rapid slau^ter 
of all infected animals. The third approach is the use of an effective 
immunizing agent in non-infected animals and, at the same time, the 
slaughter of those shown by the blood serum agglutination test to be 
infected. 

With respect to the first road, let us examine the prospect of discover- 
ing and utilizing a satisfactory therapeutic agent for animal brucellosis. 
First, it may be said that, thus far, all agents tried have proved in- 
effective in the infected cow and hog. The possibility of an agent 
turning up in the future does not look too bright, althou^ the writer 
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would be the lai«t to say that the (li^c•o^ely of a suitable and inexpensive 
agent is beyond our reach. 

During tbe past 11 years, most of the States, in cooperation with the 
Federal Govermnent, have made an earnest effort to follow the second 
road, that of detecting and slaughtering infected animals. Through 
the use of this method, much progress was made, for a time, in the 
establishment of large numbers of herds of cattle free from the disease. 
However, the lack of professional service during the war years, the 
necessity of adding adult animals to herds to maintain milk production, 
and the failure to take into consideration many of the known facts 
pertaining to the nature of brucellosis have served to limit the applica- 
tion of the eradication plan and to nullify, in many instances, the ad- 
vances that were made during the fir.«<t tew years of its use. 

It is known that, in some States, as hi^ as 50 per cent of the herds 
that were once accredited as free from brucellosis no longer have this 
status. This situation has led to much discontent amongst those di- 
rectly concerned with the eradication progi-am. The advisability 
of its continuance has been questioned by many. It may be said that, 
on the basis of our knowledge of the distribution of brucellosis in farm 
animals. State-wide or nationwide eradication of bovine brucellosis 
will never become a fait accompU, until some form of an area plan is 
adopted and employed. At the same time, the same plan should be 
applied to all other farm animal hosts. The application of such a 
procedure to our large domestic animal population has been considered 
by many to be too laborious and too costly and, in tlie end, too im- 
practical. Despite the knowm obstacles, there exists sufficient proof, 
in Virginia and Michigan, to substantiate the claim that bovine 
brucellosis can be eradicated from large areas or be kept under control. 

The thhxi road of approach to the problem, and possibly the most 
practical one, is the prevention of infection by immunizing susceptible 
animals with a suitable agent and at the same time slaughtering all in- 
fected ones. The prevention of the disease by immunization has had 
many trials with %’arious types of vaccines and bacterins, during the 
past 40 years. The most satisfactory of these, thus far, has been calf 
vaccination with a culture of BruceUa abortus of reduced virulence, 
developed by Cotton, Buck, and Smith.* It is the opinion of all 
those who have studied this means of immunization that it has served 
a useful purpose in increasing the resistance of cattle to brucellosis 
during the first and second years of their breeding life. It has been 
reported that the resistance or immunity engendered in calves by the 
vaccine has not always been sufficient to prevent infection when they 
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are exposed to aborting animals after reaching breeding age. This 
type of vaccine has certain defects that limit its wide use in adult 
animals. When it is injected into pregnant animals, they are likely 
to become infected from the vaccine organism and abort. Those 
which are treated after reaching two years of age or older will retain 
a positive blood reaction for two or more years. During this period, 
it is not possible to differentiate between the vaccinated and the in- 
fected. This creates a complicated situation, especially when such 
animals are to be sold for breeding purposes, or when their nailk is to 
be used for human consumption, without pasteurization. 

Little progress will be made in the control of brucellosis in farm 
animals by immunization, until the agent is of such a nature that it 
can be used on adult pregnant and non-pregnant animals as well as on 
calves, and at the same time meet all the objections that impede the 
use of other agents. It is the writer’s belief that the finding of such 
an agent is not an impossible task, and that it may be brought to liglit 
before the year 1947 expires. 

At the present time, the writer has under investigation, for immuni- 
zation purposes, one of the dissociated phases of Brucella known as 
the mucoid phase. This phase possesses no pathogenicity for experi- 
mental animals or cattle. It elicits specific agglutinins only to a sli^t 
degree, and then for only a short period of time. When injected into 
guinea pigs m a live state and in the proper doses, a high degree of im- 
munity is engendered against infection from any of the three species 
of BruceUa. All control guinea pigs fthe number used in each experi- 
ment is the same as those treated) inoculated at the same time are 
infected. Experiments designed to determine the immunizing value 
of this t 3 rpe of vaccine in cattle are in progress, but are not yet of 
sufficient duration to warrant any analysis of its value. 

In the foregoing discussion, an attempt has been made to point out 
some of the important major aspects of the brucellosis problem: the 
manner in which they affect human w'elfare, in general, and the cattle 
and hog-raising industiy, directly. It has been known, for a number 
of years, that the presence of this disease in a herd of cattle or hogs 
is an economic liability to the fanner. As j’cars pass, public health 
authorities and those directly affected become increasingly aware of 
the fact that its continued presence in animals is a public health men- 
ace which cannot continue indefinitely. The shortages in our most 
essential foods for children and adults which have occurred during 
recent years, and which may continue for some time, have served to 
emphasize the necessity of employing suitable measures that will pre- 



428 


ANNALS NEW YORK ACADEMY OF SCIENCES 


vent food losses that are evident. It can be said without reservations 
that brucellosis is one of the major causes of food losses. Its elimina- 
tion from animal life will benefit the public in general and bring more 
profit to the animal industry. It is, therefore, a disease which con- 
cerns all the people rather than a section of the people. 
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THE PREVENTION OF PLAGUE IN THE 
LIGHT OF NEWER KNOWLEDGE 


By K. F. Mbybe 

O. W. Hooper Foundation, University of California, Sam Francisco, CaMfomia 

Knowledge of the nature of the majority of pestilences which 
scourged the world in bygone ages is, admittedly, vague. It is certain, 
however, that plague is a disease of gi'eat antiquity, for, occasionally, 
some of the oldest records contain descriptions of a disease, suffi- 
ciently explicit to remove all doubt of its being plague. 

Interest in the nefarious history of this malady has never varied. 
Pandemics and epidemics have been recorded in detail. However, 
explanation of the causes of their origin and development, as distin- 
guished from the conditions which have generally been observed to 
favor their continuance and spread, has always been within the realm 
of speculation. All that is definitely known is that they were gener- 
ally associated with unusual seasons, which bring distress and misery: 
with war and famine and their attendant ills, and with political, social 
or economic conditions which engender laxity or neglect of sanitarj' 
administration and thus hinder or entirely prevent prompt handling 
of early cases. Plague has acquired its ascendancy, both in the past 
and present, because knowledge of the different modes by which it 
spreads has been incomplete and, more frequently, because of ignor- 
ance of the biological laws governing these modes. Some of the modes 
are known. Since others, however, are unknown, there is always a 
risk that preventive measures employed may only be partially success- 
ful in checking and controlling the disease. 

Plague, the hydra-headed monster, has stretched its tentacles from 
continent to continent for nearly 3,000 years. Today, in fact, it ap- 
pears to be even more widespread than during the great epidemics 
which began in the eleventh century and which, in the fourteenth cen- 
tury, culminated in a pandemic whose destructiveness cannot be 
matched in historical record. The present pandemic began in 1894, 
in Hong Kong. Except in India and a few other Asiatic regions, it 
has not caused a mortality comparable to that of old, althou^ the 
prevailing types are as severe as in the past and the expansion of the 

( 429 ) 
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disease across the world has been as vigorous as at any time in his- 
tory. The relatively limited number of victims outside certain Asiatic 
areas must, therefore, be ascribed to the presence of obstacles or 
hindrances which did not formerly exist. The student of plague natu- 
rally wonders if any of these defects in the transmission chain will be 
adequate in the future. 

A glance at history calls attention to the unpleasant truth that the 
waging of wars has contributed to the rise and spread of plague. It 
oaimot be predicted, in the light of past experience, whether or not, 
as a sequel to profound disorganization caused by the recent upheaval, 
plague may, in the future, become a serious problem in many parts of 
the world. A critical appraisal of the hindrances employed, with par- 
ticular consideration of the scientific facts and biological laws on 
which the Public Health Administrator bases his actions, may well 
serve to review some of the more recent knowledge concerning plague. 
Such a discussion may help to remove a great deal of the fearsome un- 
known, and perhaps assure even the most pessimistic person that until 
civilization disintegrates completely, plague will never cause the havoc 
it did 600 or 300 years ago. 

PREVENTIVE ACTION AGAINST PLAGUE EMPLOYED 

BEFORE THE DISCOVERY OF THE PLAGUE BACILLUS 

The Black Death, or bubonic and pneumonic plague of 1348-1349, 
fell upon a world which was in the process of change. It tended “to 
hasten the impulse of independent research which we call Renais- 
sance,”^ and taught the world to fi^t and control epidemic disease. 
It began the great business of defense, in earnest. \’^atever the de- 
spair and confusion in man’s mind may have been at the time, four 
facts seemed to him settled and sure: plague was an imported afflic- 
tion; it was hi^ly infectious and contagious; poverty, squalor, and 
miserable domestic conditions obviously favored it; and there was 
an almost complete absence of effective treatment and prevention. 

The first preventive necessity was sanitation. A vigorous sanitary 
and housing policy was initiated. Gradually, the unclean, badly ven- 
tilated, overcrowded wooden buildings with their rush-strewn floors 
were remov’ed. Inhabitants were forbidden to keep animals in their 
houses, a custom which prevailed at the time. Clean streets and the 
burning of refuse were also part of the sanitation program. The im- 
perative necesdty of improved housing as a means of plague prevention 


^Oovltoit, 0. 0. The Black Death. McBride & Co York 1929, 
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has been amply proved in modem times. Today, one can see the 
effect of improved housing on the incidence of the disease. The epi- 
demics of plague continue to be disastrous in countries where, as in 
India, the bulk of the population has to live much as it did centuries 
ago. Plague, which began in eastern Java, gradually moved westward 
as houses were improved, in a systematic drive from East to West. 

A second requirement was the proper supervision of the infeciious 
sick, by “searching,” by notification, by isolation, and by marking of 
infected houses. Further, popular understanding of the meaning of 
the terms, infection, contagion, transmission, and susceptibility, was 
felt to be tremendously important. Orders were promulgated to burn 
infected clothing and bedding and to close infected houses for forty 
days. Many additional petty regulations, with regard to scavenging 
and sanitation, were issued. Action was taken to reduce carelessness 
in the disposal of the dead. The overcrowding of churchyards with 
plague-infecCed bodies was condemned. 

A third step in reform was the beginning of formal quarantine. The 
great maritime powers introduced a system of quarantine, when it 
became ob\'ious to all concerned that plague, at least during its ex- 
pansive periods, was a distinctly seafaring disease which passed from 
port to port. Venice, the queen of the Adriatic, introduced quarantine 
in 1374. Its practice was quickly followed at Ragusa. on the Dal- 
matian Coast, in 1377, and at Marseilles in 1383. Incoming ships and 
passengers from the East were trentined and quarantined for thirty 
or forty days, respectively. The ships were opened to sun and wind, 
and were also fumigated. 

Despite these preventive measures, frequent outbursts and epidemics 
occurred in the fifteenth, sixteenth, and seventeenth centuries, in Eu- 
rope, Asia, and Africa. Many of the epidemics on the Continent were 
recrudescences of former outbreaks in the same locality — ^manifesta- 
tions of a disease which had become more or less endemic. However, 
shortly after the plague of London in 1666, with its 70,000 deaths, the 
pestilence suddenly disappeared from the whole of Western Europe. 

This remarkable epidemiological fact has never been satisfactorily 
explained. Progress of chdlization and, in particular, the control of 
epidemic diseases by the social defenses already noted, were con- 
sidered important factors. More specifically, Liston* connected the 
disappearance of plague with a change in the rat population. The 
black rat, Ratius rattus, was displaced by the sewar rat, Rattns noroe- 
gicus. The agrarian revolution, which led to the exclusion of rats from 

•UirtOB, W. O. Brit. Med. J. ll S60-934. 1924. 
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human dwellings, favored this particular substitution of one species 
of rat for another. Simpson,® however, advanced the subtle theory 
that the abandonment of the old trade routes, the transfer of commer- 
cial activity to Amsterdam and London, which were connected with 
the East by sea and not by land, and the consequent severance of in- 
timate connection with endemic centers reduced the opportunities for 
renewal of the disease by fresh invasion. Jorge, ^ more recently (1933) , 
showed that the replacement of Rattus rattus by the sewer rat occurred 
long after plague had receded. In fact, he maintained that the his- 
torical epidemics in Europe were not due to rat epizootics, but that 
infection was spread by the agency of human parasites. It must be 
admitted, in support of this theory, that references to rat mortality in 
the old European plague records are scanty. Furthermore, much of 
their value is lost by the inclusion of other animal species which are 
known to be insusceptible. The role of human parasites was also fre- 
quently championed by French epidemiologists, who doubtless influ- 
enced Jorge in his interpretation of the cessation of plague in the 
Mediterranean regions. 

None of these theories offers a fully satisfactory explanation of the 
disappearance of plague from Europe, nor from the Levantine regions 
in the middle of tJie nineteenth century. The latter was a remarkable 
phase in the natural history of the disease, but is no more remarkable 
than that which occurred in the eighth century, and which was fol- 
lowed by a prolonged period of quiescence. 

The gradual disappearance of plague from Europe was due, in the 
flrst place, not to any extrinsic hindrances or obstacles which barred its 
progress, but to intrinsic causes. Moreover, the rise and decline of 
epidemics w^as restricted neither to Europe alone, nor to the seventeenth 
and nineteenth centuries. The factors considered essential by Liston, 
Simpson, and others, and the social defenses devised, could at their best 
serve merely in an auxiliary capacity in any explanation of the phe- 
nomenon, in comparison with the process of natural evolution. Signs 
of a similar decline in the present pandemic may be observed. And, 
again, it is indicated in part that natural causes come into play. At 
the time of the outbreak of World War II, plague was on the point 
of being banished from the ports, just as yellow fever had earlier been 
relegated to the jungle. In the majority of the centers, plague had 
either been eradicated or suppressed, or confined to the brush and hills 
of the hinterland. 

‘Simpson, W. J. A Treatise on Plague Dealing with Historical, Epidemiologi- 
cal, ClinlcaL Therapeutic, and Preventive Aspects of the Disease. Cambridge 
University Press. 1905. 

* 7ozge, B. Bull. Office Intemat. d'hyg. pub. 25: 425-450. 193S. 
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By the end of the nineteenth century, the center of interest had 
shifted from Europe, the Levant, and India to the Province of Yunnan, 
China, the birthplace of the modem pandemic. Plague attained 
world-wide dissemination between 1894 and 1920, concentrating, how- 
ever, on particular areas. It is quite apparent that some of the pre- 
ventive hindrances employed in the past frequently proved ineffective. 
Later, better methods of defense wem explored and put into action, with 
the aid of newer tools forged by bacteriology. Two separate lines of 
inquiry have guided the extensive studies into the development of 
these improved preventive measures: (1) The prevention of the 
deleterious effects of the plague bacillus on the human population; 
(2) Determination of the mode of transmission — ^in particular, the 
ecology of plague in the rodent and arthropod population in cities and 
towns, and in the squirrels, gerbilles, and mice of field and forest. A 
presentation of the factual knowledge which has gradually evolved in 
the study and practice of plague suppression may be of general interest. 


PREVENTIVE ACTIONS AGAINST PLAGUE DEVELOPED 
DURING THE PRESENT PANDEMIC 


Following the great flood of 1884, in Wuchou-fu, on the West River 
in Yunnan, a malady resembling plague was prevalent. The nearer the 
year 1894 approached, the more manifest was the ominous tendency 
of the pest to spread in an easterly direction. It is, therefore, not sur- 
prising that Canton was to come within its scope in May, 1894, and 
that Hong Kong, which was in constant intercourse with plague areas, 
should also become infected. The measures taken, though they were 
seemingly adequate and materially restricted the mortality, could not 
have exerted any influence upon the length of the epidemic nor have 
prevented its spread, since they were not directed toward its source, 
the rodents. That the Chinese were aware of the connection between 
rat mortality and the appearance of human plague, was evident. 
According to excerpts from Yersin’s diary, quoted by Lagrange,® the 
former had actually detected plague among the Hong Eong rats. 
Medical men at that time regarded with skepticism any evidence which 
incriminated rats. It was reserved to investigations in India to prove 
definitely that rats were the source of epidemics, and to evaluate 
properly the role of the fleas infesting these rodents. 

The actual foundations of modem anti-plague measures were laid 
at Hong Kong, with the discovery of the plague bacillus by Kitasato,® 


KitaMto, 


J. Trop. Med. 39: 29>-808. 1926. , * _ ... 

Practitioner 83: 811-820. 1894. Also, lAuicet 3: 428-480. 
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and its detailed and accurate description by Yersin/ in June, 1894. 
Two important preventive measures, along biological lines, were devel- 
oped in rapid succession: (1) The production of anti-plague serum was 
initiated by Yersin, Calmette, and Borrel,® in 1896; (2) the prophylac- 
tic inoculation of human beings was introduced by W. M. Haffkine,® in 
India, in 1897. Both procedures have been extensively used in every 
section of the world, but their value in plague prophylaxis or therapy 
has not been definitely established. Recent experimental studies have 
contributed to the elucidation of the diverse problems involved. A 
presentation of the newer factual knowledge of plague vaccines and 
the use of anti-plague sera in modern plague therapy appears appro- 
priate at this time. 

Protective Inoculation against Plague 

The numerous attempts and experiments to perfect a prophylactic 
immunization against plague are based on the observation that survival 
from a clinical infection protects against a second attack, or at least 
transforms the reinfection into a disease with a milder course. The 
history of plague reports the preferential employment, in pest hospitals, 
of persons who had recovered from plague. Experience had taught 
that they would remain well. However, old as well as more recent 
records have furnished observations which clearly indicate that the 
immunity conferred by an attack of plague is not absolute. The classi- 
cal account by Patrick RusseP® records 28 cases of reinfection out of 
4,400 plague cases. Griesinger^"^ and Liebermeister^® emphasize the 
fact that survival of a single plague infection is followed by a relative 
immunity; an occasional second attack, when it is observed, runs a 
milder course, as a rule. 

The immunity which follows a natural plague infection is probably 
temporary and relative in nature. De Langen and Lichtenstein” 
state, in their Textbook of Tropical Medicine, that “re-infection with 
plague may occur within a few months; surviving an attack gives but 
a very limited immunity.” Recovery from plague has, in a number 
of instances, been followed by a second infection with the same micro- 
organism. Thus, Weir^^ the Health OfiScer of Bombay, notes the 

^Texsiii, X. T. T. Ann. Inst. Pasteur 8: 662-667. 1894. 

JL Calmetta, ft A. Borr^ Ann. Inst. Pasteur 9: 589-592. 1895. 

* Kafflibie. W. IS. Brit. Med. J. X: 1461. 1897. 

»» &TUW^ Patziok. A Treatise of the Pla^e: 190. 1791. 

u azlMlxt«r«r, W. Virchow’s Handhuch fc(2): 229. 1S57. 

u Uabemelster, O. v. Ziemssen's Handhuch der acuten Inf ectionskrankhelten. 
Brs+er Thell * 458. C. “W. Leipzig. 1 87 < 

^ Da XiftaurtBf 0« D., ft A. Dlolitaiistaia^ A Clinical Text-book of Tropical Medi- 
cine. Translated from the third Dutch edition. G. HolfC. Batavia. 1986. 

** Weir, A. B. Beport of the Health Officer for Bombay for 1896. 
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history of a patient who contracted cervical bubonic plague in 1894, 
in Hong Kong. The course of this first illness was one and one-half 
months. Two years later, while in Bombay, she contracted a ri^t 
inguinal bubo, which led to a short malady of five days duration and 
was followed by an uneventful recovery. An equally interesting re- 
infection was reported by Van Loon.^® A patient who had recovered 
within eight days from pneumonic plague ( bacteriologically proven^ 
in July, 1914, developed, in December of the same year, a left inguinal 
bubo, from which plague bacilli were isolated. Recovery required 
two weeks. Between the two attacks, the patient was perfectly well. 
Simpson^® has fully described additional cases with such a history of 
second attacks. 

Unfortunately, the epidemiologioal and statistical records of the 
great plague epidemics of recent epochs furnish no accurate informa- 
tion on the degree of immunity enjoyed by individuals who have re- 
covered from plague. The chances for reinfection are usually greatly 
reduced, both by the various control measures against the rodent 
epizootics and by the individuals themselves, who usually try to avoid 
future collisions with the plague bacillus. The lack of dependable in- 
formation in this direction has spurred the study of protective inocula- 
tion, which has continuously received considerable attention since Haff- 
Trinft (1896-1897) conducted extensive animal and human experiments 
with heat-killed broth antigens. Other prophylactics were, subse- 
quently, recommended by several authors i.e.g.: The German Com- 
mission suggests agar-grown heat-killed bacilli, and Lustig-Galeotti, 
nucleoproteids) . While it was admitted that their use produced and 
demonstrated a certain degree of immunity in the less susceptible ani- 
mals and, occasionally, even in those very susceptible to plague infec- 
tion, it seemed questionable that they conferred on man an immunity 
effective against the usual natural methods of infection by PasteureUa 
pestis. It must be recalled, in this connection, that Kolle,^*' as early 
as 1903, emphasized the fact that the use of even very large doses of 
the plague organism can only in exceptional cases confer immunity to 
the guinea pig, the animal most susceptible to plague. He seemed to 
be very doubtful that favorable results could be obtained in man, 
where relatively much smaller doses of the killed cultures were 
injected. 

Study of the publications of the Indian Plague Commission and 
other Indian Government Reports, particularly of the recent summary 

“▼Ml Koos. a. T. Geneesfc Tydsohr. v. NederL-Indle 56l «4. 191B. 

” SSuSf W^. ^*DeutS(^ med. Woohensohr. 89! 498. 1908. 
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by Taylor,^® makes it seem unquestionable that large and repeated 
doses of Haffkine's prophylactic frequently protect individuals against 
plague infection. However, it is equally well known that many in- 
oculated persons, including even a number of those who had received 
more than one injection of the prophylactic, contracted the disease. 
The Haffkine Institute, after extensive experimentation with the Haff- 
kine prophylactic on rats and mice, always felt satisfied that a prepara- 
tion which protected these Muridae would be equally effective on man. 
Through the years of tedious experimentation in search of a -pro- 
phylactic inoculation against plague, the majority of workers have 
adhered to the principle that if it can be shown that a preparation or 
fraction of Pastemella pestis definitely protects rats and mice against 
an experimental infection, this is a very good presumptive evidence of 
its efficacy in humans. 

The middle of the nineteen-thirties bi ought the general conclusion 
that there was little advantage in using anti-plague antigens made 
from killed microorganisms. According to a questionnaire sent out by 
the Office International d’Hygitoe Publique, in 1931-1932, the skep- 
ticism about killed plague bacilli as immunizing antigens for man in- 
deed appeared justified. The value of the Haffkine prophylactic, in 
particular, was seriously questioned. 

In India, the “Hafikine vaccine” prepared in Bombay had always 
proved a satisfactory immunizing agent in the hands of the Indian 
authorities. A total of 147,760 prophylactic inoculations were made 
between 1897 and 1919. There is evidence that among those vacci- 
nated, the risk of contracting plague was diminished to one-fourth, and 
the risk of death to one-eighth.^® Yet, according to de Vogel,®® this 
same antigen, when used in Java in the 1921-1922 epidemic, reduced 
the death rate by only one-half and, in some districts where the epi- 
demic was on the increase, by no more than one-third. Similar experi- 
ences were recorded in Madagascar, where prophylactic inoculations 
with various types of killed antigens (Hafikine tj^pe, aqueous vaccines, 
lipovaccines) did not give very encouraging results. Impressed by the 
number of obvious failures, the population was losing confidence in 
the efficacy of the method. These apparent failures concentrated re- 
search on Uve vaccines. 

Nearly forty years ago. Strong®® used live vaccines made from an 
artificially attenuated strain of Pasteurella pestis, with considerable 

J. Indian Med. Bes. Memoirs 37: 8-125. 1983. 

“ cf . VaylOTt JA jp. 81. 
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success. Between 1932 and 1940, Otten,*® in Java, and Girard,®* in 
Madagascar, studied the benefits of vaccination with live avirulent 
vaccine. The death rate among those vaccinated in Java®* during 
the years 1935-1940 was reduced to an average of about 17.5 per cent. 
It fell from one-fourth to below one-twenty-fifth of the original mor- 
tality in the coiurse of a five years’ vaccination campaign. After com- 
plete revaccination in 1940, the mortality in the vaccinated fell below 
foiur per cent, while in the non-vaccinated it remained around sixteen 
per cent. Girard,®* in Madagascar, vaccinated 46,879 persons with his 
avirulent EV strain, while 60,000 serv’ed as controls. The plague 
mortality was 0.47 per 1,000 in the vaccinated, and 1.66 per 1,000 in 
the non-vaccinated. Using the “alternating method,” Otten vacci- 
nated alternate members of every family in the chosen area. The total 
population was 83,192, of whom 37,433 were inoculated. During the 
follow’ing five months, the mortality rates from bubonic plague in the 
vaccinated and non-vaccinated were 1.01 and 4.75 per thousand, re- 
spectively. De Vogel®* stated that, in two districts in Java, 37,600 
persons, t.e., half the population, were vaccinated. During two 
months, 23 of the vaccinated and 132 of the imvaccinated died of 
plague; i.e., of the 155 deaths, 14.6 per cent were among the vaccinated 
and 85.4 per cent among the unvaccinated. 

Even a method of immunization utilizing live avirulent vaccines, 
which, in the animal experiment, assures the best protection when ap- 
plied to man, clearly shows its ultimate limitations. Otten has set 
forth a number of reasons for this: (1) The inomunity after an infec- 
tion is of short duration, offering no protection beyond 6-8 months; 
(2) one single subcutaneous vaccination does not protect against di- 
rect aerogenic infection; (3) death from plague has been observed in 
persons who have been repeatedly revaccinated. Irrespective of 
these limitations, the Dutch East Indies, the French Colonies, South 
Africa, China, and Argentina turned their attention to anti-plague 
vaccination with live avirulent vaccines. India, Egypt, and several 
other countries in the British Empire adhered to the killed pro- 
phylactics. 

This was the state of knowledge when the Army and Navy decided 
upon the use of plague prophylactic, in case the Armed Forces should 
be exposed to plague. The manufacture of a formalin-killed agar- 
grown suspension of plague bacilli in carbolized saline was assigned 
to the Cutter Laboratories. In cooperation with the Hooper Founda- 

ttOttan. £. Mededeal. v.d. Blenst d. Volksirezondh. in Nederl.-Indie 80: 97. 
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tion, the iinmuuogeuic potency of this so-called Ai'my vaccine has been 
evaluated both on animals and on man. 

It has been conclusively proved that any plague antigen stimulates 
agglutinins and complement-fixing antibodies in mice and guinea pigs. 
Using the mouse protection test developed by Sokhey and Maurice,** it 
has not been possible, thus far, to detect more than a minor difference 
between different antigens or antigenic fractions. Mice inoculated in 
two steps with 0.002 cc. of Army vaccine lesisted a challenge infection 
with 2,000 to 4,000 virulent plague bacilli. The antigens were equally 
protective for rabbits. However, their prophylactic value was relatively 
low for guinea pigs. When used in the dosage customary for human im- 
mimization (1.5 mg. = 3,000 million) , only 10 to 20 per cent of the ani- 
mals survived a challenge infection with 500,000 plague bacilli. In the 
course of extensive protection tests, different plague antigens were 
prepared from ■v’irulent and avirulent plague. Strains grown on agai 
or in liquid were killed by heat (54° C. for 15-60 minutes), by chem- 
icals (0.5 cc. per cent formaldehyde, acetone at —70° C., absolute 
alcohol, potassium aluminum sulfate, glycerol) , and ultraviolet irradi- 
ation. These antigens were injected in tw’o or three dosages (1.5 to 
12.5 mg.) into guinea pip. Three weeks after the last injection, the 
immunity was tested by the subcutaneous administration of virulent 
plague bacilli. Approximately 15 to 46 per cent of the guinea pip 
survived the infection, while the mortality in the non-injected animals 
varied, according to season, between 90 and 100 per cent. Virulent 
as well as some a\'irulent protective strains yielded some prophylactic 
antigens. Fractions of the plague bacillus prepared by E. E. Baker 
and H. Sommer as so-called Fraction I or soluble extract antigens, and 
the insoluble “residue” antigen, presented remarkable immunopnic 
properties. The guinea pig, which is highly susceptible to plague, can 
rarely be protected with the soluble extract antipn. It did acquire 
immunity, however, when treated with the insoluble, “residue” mate- 
rial. White mice and rats were readily immunized with the soluble, 
but not with the insoluble, fraction of the plape antipn. 

These experiments disclosed the interesting biological phenomenon 
of host-specificity of immunogenic antigens. The protective efBcacy 
of any antigen for guinea pip, and probably also for mice, was greatly 
enhanced by synergists such as potassium aluminum sulfate (alum) or 
aluminum hydroxide, but not by calcium phosphate. The particulate 
alum-treated antipn doubles the immunopnic effect. In some experi- 
ments, between 80 to 100 per cent of the guinea pip were immunized 

» BtMuv, S. Ii H. SCanzioa. Bull. Office Internat d’Hys. Pub. aVi 16S4-1S41. 
19SS. 



MEYER; PREVENTIOS OF PLAGUE 


43U 


with an antigen which, in the unprecipitated stage, conferred protec- 
tion on 10 to 20 per cent of the animals. The immunogenic potency 
of the oil emulsion antigen is equally high, but it produces severe local 
inflammatory necrotizing tissue changes at the site of injection. These 
significant observations cast doubt upon the claims made by Otten, 
Girard, and others, that active immunity could only be produced in 
guinea pigs through the injection of certain living a^■irulent strains of 
PastewreUa pestis. Furthermore, it was definitely indicated that the 
antigenic structure is not injured by the physical or chemical agents 
employed, and that killed plague bacilli will readily protect tJie highly 
susceptible guinea pig, provided the antigen is precipitated by a syner- 
gist. Animal experimentation furnished convincing evidence that the 
degree of protection conferred on mice and guinea pip is definitely 
raised when large and repeated doses of antigens are injected pro- 
phylactically. The tests, furthermore, indicated that it is the actual 
mass of the bacterial protein rather than the method of preparing the 
dead antigens that controls the immunisatoric effect. 

The Army plague vaccine produces in man variable local and sys- 
temic reactions which are, however, mild in comparison to those ordi- 
narily induced with the Haffkine type of heat-killed antigens. The 
sera of injected volunteers were tested for agglutinins on the 28th day 
after the last (second) injection, in order to measure the inununisatoric 
response. At least 10 per cent of the individuals agglutinated the 
plague bacillus in a dilution of 1:32; 30 per cent in a dilution of 1:8; 
and 40 per cent in dilutions of 1:2 to 1:8. Approximately 10 per cent 
failed to produce antibodies. When subsequently reinjected with one 
dose of Army vaccine, iJiese non-reactors developed agglutinins. Thus, 
it was definitely proved that the Army vaccine stimulates evidence of 
antibody response in about two-thirds of the injected human beinp. 

The protective value- of the sera of the volunteers who were vacci- 
nated was estimated with the aid of a mouse test. The sera were in- 
jected intravenously into ten mice, and immediately thereafter 2,000 
Pasteuardla pestis were administered subcutaneously. Although the 
percentages of death in the average times for death were not strikingly 
significant, considered separately, the results of the tests assume sig- 
nificance when the two factors are considered topther. The per- 
centage of mortality divided by the average time of death was chosen 
as the “protection index,” thus enabling both factors to be expressed 
in one figure. With this relatively crude test, conclusive evidence has 
been seemed that dead plague antipns with proved immunogenic 
potency for mice and guinea pip stimulate, in approximately 70 per 
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cent of human volunteers, the appearance of weak protective antibodies. 
Further, it was noted that a third injection or “booster dose” definitely 
increases the level of the protective antibodies. There is also evidence 
that the prophylactic injection of 8,000 to 12,000 million killed plague 
bacilli assures both a higher percentage and higher level of antibody 
response. 

The serum protective antibodies, found in a preliminary series of 
human vaccinations with living avirulent plague bacilli, were either 
of a very low order or could not be measured. The few tests made 
cannot be said to have, thus far, furnished any conclusive evidence that 
a\Trulent Imng plague vaccines are superior to killed antigens, when 
the appearance and the degree of serum antibodies is used as a meas- 
uring rod. 

Renewed experimentation, in recent years, has indicated that the 
much-criticized method of anti-plague inoculation which employs 
agar-grown killed antigens should prove effective, provided tlie pro- 
cedure is used before an outbreak of plague is in progress. The actual 
degree of protection cannot be definitely measured. It would prob- 
ably be quite high, were the inoculations made repeatedly, in adequate 
dosage of at least 8,000 to 12,000 million plague bacilli, and provided 
frequent booster doses were administered. At least in Java, Otten 
observed that revaccination with living avirulent plague bacilli nota- 
bly influenced the mortality in the course of a plague epidemic. The 
ultimate aim of a one-inoculation plague prophylaxis is, biologically, 
not readily attainable. Although the problem of anti-plague pro- 
phylaxis through active immunization is still in a state of flux and 
development, there is sufficient encouraging evidence to justify the 
use of repeated inoculation of killed antigens. It must not be for- 
’ gotten, however, that deaths have occurred among persons who have 
been repeatedly revaccinated, even with avirulent living plague bacilli. 
The immunity, though not absolute, nor even relative, in some human 
beings, is nevertheless of undoubted value, since modern chemotherapy 
is more effective in the vaccinated. Prophylactic inoculations will 
serve as a supportive preventive measure in reducing the hi^ case 
fatality rate in the course of plague epidemics. 

The Use of Immune Sera in Plague 

Yersin, Calmette, and Borrel,*® in 1895, were the first to demonstrate 
that serum from rabbits immunized with inactivated cultures is effec- 
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tive in protecting other animals against infection. The serum, they 
discovered, acquired characteristics which, under certain circumstances, 
would even cure an already existing infection in mice. These success- 
ful results established the principle of passive immunization and 
created the hope that serum prophylaxis and serum therapy could be 
applied to human plague. Therefore, Yersin in Tongkin, and Roux, 
Calmette, and Borrel at the Pasteur Institute, Paris, began the immuni- 
zation of horses. As soon as a sufficient quantity of serum was avail- 
able, Yersin treated a total of 26 cases of human plague in Canton and 
Amoy; of these, only 2 died, a case fatality rate of 7.6 per cent. These 
striking results prompted the Health Department of the city of Bom- 
bay to instruct Haffkine to undertake the preparation of serum. 
November, 1896, saw him be^n the immunization of horses, cattle, 
goats and sheep, following a plan similar to that of Yersin. In 
October, 1897, he treated alternate cases admitted to the Poona Plague 
Hospital with varsring amounts of serum. One-half of the 200 cases 
were treated, the other half serving as controls. The clinical observa- 
tions show no evidence of any favorable effect attributable to the 
serum. In fact, the case mortality rate among the treated was 14 per 
cent higher than among the controls. 

Lustig*® had, in the meantime, prepared an anti-plague serum by in- 
jecting horses with plague-nucleoproteid, which had proved curative 
in experimental animals This serum was given a trial, with results, 
following its use, no more favorable than those which attended the 
application of other sera prepared by Temi, in Messina; by the Os- 
waldo Cruz Institute, at Sao Paulo; by Tavel, at the Berne Senun 
Institute; by Paltauf, in Vienna; by Shibayama, in Japan; and by 
Rowland, at the Lister Institute. 

Quite early in the course of the pandemic, it was customary to use 
anti-plague sera prophylactically. Yersin®’' reported that only 5 of 
500 persons living in the center of a plague area contracted the disease 
after having been injected with anti-plague horse sera. According to 
a report by Simond,** no plague was recorded in 400 people who had 
received serum prophylactically. In a control group of non-treated 
persons, several cases were noted. Calmette and Salimbeni, in Oporto, 
Spain, administered 5 cc. of serum to 600 persons. Only one physician 
so treated died from plague, several weeks after the injection, and 
another who contracted his infection at an autopsy passed through 

» bistir, &-tk O. OalMUi. Brit Med. J. 1: 206-208. 1901. 
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a mild infection. These optimistic reports fail to give information 
concerning the environmental factors surrounding the plague epidemic, 
and can hardly be accepted as evidence in support of serum pro- 
phylaxis. During the San Francisco plague outbreak of 1900-1901, 
Yersin anti-pest serum was freely administered to all those in direct 
contact with cases, and in not a few instances to those who had come 
in contact with pest rats (Kinyoun^*). Plague occurred in none of 
these. The efficacy of the serum in the treatment of plague pneu- 
monia was lauded by Novy^"*; by the workers of the Institute for 
Infectious Diseases in Berlin; and by Cherefeddin,®^ in connection 
with laboratory or morgue infections. After a period of noteworthy 
enthusiasm for serum prophylaxis, interest was, however, focused on 
the therapeutic value of horse anti-plague sera. 

The summary reports of Bannerman,®® Choksy,®' as well as those 
of Naidu, Jung, and Kamakaka,®* document the results which had 
hitherto attended the use of anti-plague sera in India and in other 
countries. They indicate that the administration of serum was at- 
tended by a case mortality reduction of from 5.5 to 75.0 per cent in 
different epidemics. In the hospitals of India, where, doubtless, the 
most extensive and most dependable experience has been collected 
during the past 30 yeara, the reduction in the case mortality rate was 
only 7 to 10 per cent when the “alternate system” was uti^ed. The 
curative value of the anti-plague sera appeared slightly higher when 
the “system of selection” was chosen. For example, when Yersin’s 
serum and the “alternate system” were used together, the case mor- 
tality rate was reduced by 6.8 per cent, while the mortality rate 
dropped 23 2 per cent when the “system of selection” was employed. 
Clinical obser\'ations in India showed that, following the injection of 
the serum, there occmred a moderation in the intensity and duration 
of fever; improvement in the state of circulation as indicated by in- 
creased arterial pressure; diminution in size and lessening of pain in 
the buboes; clearing of the mental faculties; and a general improve- 
ment in the patient’s condition. Even when the serum failed to save 
the patient, it produced marked amelioration in the general patholop- 
cal condition, and prolonged life. 

The reports on serum tWapy of plague in the Americas amply attest 
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to the- merits of the treatment. Penna®* (1919), in Argentina, noted 
a percentage mortality as low as 78 per cent and Seeman®* (1915), in 
New Orleans, a percentage mortality of 16.6 in 18 cases treated. Most 
significant ai'e the statistics of Lloyd,®' who carefully observed the 
benefits of anti-plague serum therapy in Ecuador. He concluded that 
the mortality rate among those suffering from plague was reduced by 20 
per cent, when treatment was administered within 24 to 36 hours of 
the onset, using a sei-um dosage of 80 to 11 cc. injected intravenously, 
and subsequent injections of 40 cc. every 12 horns. Between 1909 and 
1923, 6,213 cases of plague were treated in the Plague Hospital in 
Guayaquil. 2,346 deaths occuired, a mortality of 37.36 per cent. About 
90 per cent of the patients received serum. A death rate of approxi- 
mately 60 per cent was recorded among those patients with bubonic 
plague who did not receive serum. Lloyd attributed these favorable 
results to the use of fiesh seium, in large doses The sera came from the 
Institut Pasteur in Paris, the Serum Institute in Berne, Switzerland, 
and from Buenos Aires. Failures in serum therapy were attributed to 
sera of doubtful potency. It is, thus, readily understandable why 
experts like Choksy have always demanded potent sera, as well as a 
thorough knowledge of the methods of serum production and evalua- 
tion. 

Little attention was paid to the preparation of potent antisera, in 
the early days of plague serum therapy, until Naidu, Mackie, and 
Brist,®* in 1931, showed, by experiments on infected rabbits, that the 
immunization of rabbits, sheep, and calves with \irulent Pastevrella 
pestis produced a serum which seemed to be nearly three times as 
potent as that obtained from the Institut Pasteur in Paris. The selec- 
tion of these animals was prompted by the consideration that they are, 
by nature, more liable to suffer from a septicemia somewhat akin to 
plague. Also infiuential in the selection was the fact that previous 
workers had employed the horse for the pmpose, and had apparently 
failed to obtain a serum of any striking therapeutic value. Naidu 
immunized buffaloes, sheep, bullocks, and calves. The sera were of 
good quality, saving 60 to 80 per cent of the infected rabbits. Field 
tests with buffalo serum showed: (1) that at least 25 per cent more 
lives were saved by the serum j (2) that it was not toxic; and f3) that 
the therapeutic results compared equally well with those obtained from 
sheep serum. Experiments conducted at the Haffkine Institute, in 
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1936,*® by a new biological method for measuring the relative protec- 
tive value of anti-plague sera on mice showed, however, that the buf- 
falo serum was not good enough to prevent death, once bacteriemia 
had developed. Therefore, Sokhey again undertook experiments to 
manufacture anti-plague sera on horees. The prophylactic mouse dose 
of the new HafEkine Institute serum was 0.05 cc., in contrast to 0.3 cc. 
for the buffalo serum, and 0.5 cc. for the sera of the Institut Pasteur. 
The mortality percentages, in several field trials, are recorded in 
TABLE 1. 


Table 1 

Mortaliit from Plague ik Serum-Tbe-ated and Untreated Cases 


Year * 

1 

1 Total number | 
i of cases ’ 

1 Serum-treated 

Controls 

1937 

124 ! 

69 (19 deaths, or 

55 (36 deaths, or 

1940 

132 

27 per cent) 

70 (20 deaths, or 

28.5 per cent) 

65 per cent) 

82 (43 deaths, or 

52.4 per cent) 


Serious difSculties were encountered in administering the horse 
serum. Even 20 cc. of the serum produced alarming symptoms in 
quite a number of cases. Furthermore, theoretical considerations left 
no doubt that the maximum dosage of 200 cc., used on some of the 
patients, was inadequate. Experiments on mice indicated that 0.4 cc. 
of horse serum was required to cure a mouse of 25 grams weight. The 
equivalent dose for a man weighing about 120 pounds would, by anal- 
ogy, be approximately one liter of anti-plague serum. 

Since 1939, both through tests on experimental infections in mice, 
rats, and guinea pigs, and through field tests on human plague, the 
high curative efficiency of sulfonamides has been fully established. 
According to Kamal, Gayed, and Anwar,*® during the epidemic 
of 1940, in the Pro\'inces of Assiut and Girga, Egypt, treatment com- 
bining anti-plague serum (HafEkine Institute) and Dagenan (sulfa- 
pyradine) gave the lowest fatality rate (8.1 per cent) ever recorded. 
A similar trial, with a treatment which combined sulfathiazole and 
HafEkine Institute anti-plague horse serum, is detailed in the Report of 
the Scientific Advisory Board of the Indian Research Fund Associa- 
tion, New Delhi, India, for the year 1942.*^ The following results 
were obtai'ned: Sulfathiazole: 18 cases, 9 deaths, 50.0 per cent case 

Sokhey, S. 8. Report of the Haffkine Institute for the Tears 1933-1935, 
Bombay; 73. 1936. 

Kamal, A. 1. ttayed, k M. Anwar, J. Egypt. Pub. Health Assoc, XBi 68. 
1941. 
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fatality; Sulfathiazole plus anti-plague serum: 25 cases, 8 deaths, 
32.05 per cent case fatality; Controls: 90.6 per cent case fatality. 

Findings of field tests with combined chemo-serum therapy, using 
sulfadiazine, ai'e not available. Experimental studies, recently under- 
taken, however, have shown that therapy using sulfadiazine, in com- 
bination with one large dose or three small doses of rabbit or horse 
anti-plague sera, administered at 6-hour intervals, saved 90 per cent of 
the mice when treatment was instituted in an advanced stage of ex- 
perimental infection. Available evidence thus strongly indicated that 
combined treatment was definitely superior to chemotherapy with sul- 
fonamides alone. In fact, it appeared reasonable to anticipate that 
the mortality from bubonic and possibly pneumonic plague might be 
reduced to below 10 per cent throu^ the use of sulfadiazine in com- 
bination with a potent anti-plague serum. It was deemed advisable 
to undertake a comparative study of the methods of serum production 
and to develop reliable techniques for the measurement of serum po- 
tency. These investigations seemed doubly necessary, since no ade- 
quate supply of anti-plague serum was available in the United States, 
and Jawetz and MeyerV® observations had found anti-plague sera 
produced on rabbits to have highly significant protective and cmative 
action. In view of the remarkable success achieved with rabbit im- 
mune sera, particularly those active against pneumococci, the value of 
the animal for the production of anti-plague serum seemed worth in- 
vestigating. It has definitely been proved that rabbits yield sera of 
greater protective value than does prolonged immunization of horses. 

The well-known avirulent strain A1122, rather than the highly viru- 
lent plague bacilli, was used for the hyperimmunization of horses, by 
the intravenous route. After two years of intensive immunization and 
high losses among 14 horses under treatment, both from intercurrent 
infections and allergic reactions, a serum of relatively low protective 
potency but relatively high antitoxin content was obtained. Frac- 
tionation by the alcohol method revealed antibodies in the B2 fraction, 
which on further fractionation yielded highly protective globulin solu- 
tions with a hundred-fold concentration of llie antibody. By com- 
parison, the intravenous injection of rabbits with 26 to 66,000 million 
avirulent living plague bacilli gave sera with an agglutination titer of 
1:640 and 164 protective units, when trial bleedings were made during 
the 9th and 13th week of immunization. Fractionations indicated that 
the antibodies are mainly in the gamma-globulins. Recent prepara- 
tions made by two manufacturers have provided anti-plague globulin 

« Jkmts, B., a S. r. J. Immunol. 49: 1-14. 1944. 
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solution with a mouse protective unitage of as high as 1,569 units per 
cc. One must await with interest the evaluation of such potent anti- 
plague sera in clinical trials. The experimental work of recent years, 
which has had as its aim the production of more potent anti-plague 
sera and the development of a method adequate to measure their pro- 
tecth'e antibody content, has been surprisingly successful. The plague- 
susceptible rabbit has been found to rapidly develop antibodies in titers 
higher than the horse. There is no need to employ virulent cultures, 
but it is important to concentrate the antibodies in the globulin frac- 
tions. As might be anticipated, the problem of specific serum therapy 
or prophylaxis is likely to remain a subject of controversy until re- 
search has determined the essential properties of -ttie antibodies, 
whether antibacterial or antitoxic. Recent observations pve encour- 
agement to such a quest. It is anticipated that, in well-organized 
communities, the use of sera combined with chemotherapy may prove 
valuable. As McCoy and Chapin*® pointed out over 25 years ago, 
however, it is obviously unwise to divert energy away from measures 
directed against the rodent vector by the use of anti-plague sera in 
plague outbreaks. 

The Value of Chemoprophylaxis in the Prevention of 
Pneumonic Plague 

Both experimentally in mice and guinea pigs, and clinically in man, 
sulfadiazine has been established as the sulfonamide of choice in the 
chemotherapy of plague. Reports from India show that a case fatality 
rate of 90.6 per cent in human plague infection with positive blood 
cultures was reduced to 33.86 per cent with sulfathiazole, and to 20.93 
per cent with sulfadiazine. Even more encouraging is a recent report 
by Pollitzer,** which shows that when the prevailing case fatality rate 
was 64.28 per cent, sulfathiazole cured 32 of 40 cases, or 80 per cent, 
and sulfadiazine 26 of 27, or 96.3 per cent of bubonic plague infections. 
The significance of the report is enhanced by the brief statement that 
“sulfathiazole seemed also effective to persons who had contact with 
pneumonic plague *p&tients when given prophylactically.” Thus, field 
tests confirmed experiments on guinea pigs which had indicated that 
the animals failed to contract plague when treated by chemotherapy 
with sulfadiazine or sulfamerazine, initiated contemporarily with the 
artificial infection. Streptomycin, in a concentration of 1.9 noicro- 

••icooox, O. vr., a a W. Ohapin. PuW. Health. Bull., Hyg. Lab., 0. S. Publ. 
Health Service 63: 17-2S. 1$12. 

^Personal communication. 
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gram per cc., inhibits 20,000 Paateurella pestis and cures advanced 
plague infections in mice, when given in 300-1,000 units/3 hours, or a 
daily antibiotic dose of from 4-8 mg. The experiments warrant serious 
consideration of the antibiotic as the most promising therapeutic agent. 

THE EVOLUTION OF MORE EFFECTIVE MEASURES 
AGAINST PLAGUE AFTER DISCOVERY 
OF THE BACILLUS 

Quite generally, the sanitary measures gradually developed during 
the pandeinic which began in 1894 may be divided into: (1) those 
taken to prevent the importation of the disease and its spread to other 
countries and localities; and (2) those evolved for the suppression of 
the disease in an already infected area. 

Before the natural history of plague was definitely known and un- 
derstood, the European powers devised, at the Venice Convention in 
1897, certain protective measures having efficiency, but at the same time 
the avoidance of unnecessary restrictions on commerce, as their object. 
This program was to be directed against the threatened invasion of 
plague from the East. Other international preventive measures, for 
Europe, w'ere initiated in the early part of the 20th century. Although 
these actions proved advantageous and Europe remained free of epi- 
demic plague, small outbreaks occurred in Oporto, in Glasgow, and in 
Naples, which were not traceable to imported cases of plague in human 
beings. It was obvious that the axiom employed, which applied to 
cholera and on which the protective measures against plague were 
based, had to be modified. Studies by the Austrian (1898-1900), the 
German (1899), the British (1899-1901), and the Russian Commis- 
sions (1897) showed that only the septicemic, and in particular the 
pneumonic, forms were especially infective. Some connection was 
also definitely established between spread of the disease and infected 
clothing and articles contaminated with infective material from human 
plague. In Hong Kong, undertakers perished, and attendance at 
funerals, especially when connected with feasting or ceremonial rites, 
was dangerous, plague later affecting those who had been present. 
The outbreak of pneumonic plague at Los Angeles, in 1924, amply 
confirmed these observations. 

The great influence which mortalities among rats exercise on the 
appearance of human plague has been recorded in the historical ac- 
counts of Haeser*® in 1882, and was observed in Canton in 1893, and 

"Bmsmt, B. Lehrbuoh der Gtescblobte der Bedicin und der epldemlschen 
Krankhelten. 8. Bearbeitung 3: 6S7. Gustav Fischer. Jena. 1882. 
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in Hong Kong in 1894. The role of plague-stricken rats came to 
prominent notice in Cape Town, South Africa, where plague eases were 
promptly removed to hospitals and infected clothing was disinfected, 
and yet the epidemic continued to develop. The majority of plague 
oases were then traced to dead or infected rodents found at the resi- 
dences and workshops of those attacked by the disease. The historj' 
of the epidemics in Sydney, Australia, in 1900 and 1901, and in Bris- 
bane, in 1901 and 1902, agreed in many respects with the experience in 
South Africa. It established in both time and place the close relation- 
ship existing between the incidence of rat plague and the subsequent 
occurrence of h uma n plague. A few examples may be cited. Of 30 
men employed in Hong Kong in 1901 to collect rats, no less than 9 to 
30 per cent died of plague. In a private firm which employed 30 
coolies to sort rats, and one to collect the dead rodents'when required, 
a total of 5, or 16.6 per cent, contracted plague and died. During the 
Hong Kong epidemic of 1902, hundreds of rats daily underwent bac- 
teriological examination, and it was found that the presence of plague- 
infected rats in a house or locality sooner or later meant cases of 
plague in that house or locality. Observations in India not only amply 
confirmed these facts, but established conclusively the agency by which 
plague is communicated from rat to rat, and from rat to man. Rat 
plague was also found on*many ships from 1896 onward. 

Carlo Tii'aboschi,^® after studying plague in Genoa, assembled in a 
classical paper overwhelming evidence in favor of the fimdamental im- 
portance of plague among rats, and emphasized the need for the study 
of epizootics. In addition to the ecology of rats, the recognition and 
distribution of infected and healthy rats in epidemic areas, the mode 
of infection, and its association with fleas became increasingly impor- 
tant. Ogata,” studsnng plague in Formosa, as early as 1897 found 
plague bacilli in fleas taken from plague-infected rats. The bacilli 
remained on the bodies of the fleas for some time after feeding on in- 
fected blood. It is interesting to note that the fleas themselves, ap- 
parently, were not injuriously affected by the bacilli. Based on these 
observations, Simond** fl898) conceived the theory that the flea is the 
connecting link between plague in man and in the rat. Nuttall," in 
subjecting these views to experimental test by allowing bugs and fleas 
to bite animals dsdng from plague, and then transferring them to 
healthy animals immediately afterwards, was unable to produce a 

«T’taliosolil. C. Aroh. f. Hvg:. HCnchen. 11 . Berl. 46: 251-263. 1208. Also, Arcb. 
de Darasltol. 8 ; 161--^49. 1904. 

«’Oflrata,lS. Centralbl. f. Bakt, I. Abt., Jena 811 769-777. 1897. 

^tUmoiUU V, 1a cf.9^ 

« VattaU, G. K. r. Centralbl. f. Bakt. 881 87. 1897. 



MEYER. PREXESTIOS OF PLAGIE 


449 


single case of infection. On the other hand, Gauthier and Raybaud,^® 
in five experiments, were able to convey plague to healthy rats through 
the bites of fleas which had fed on plague-infected rats. Experiments 
conducted at Bombay by Elkington^^ and Liston successfully demon- 
strated that rat fleas, which had apparently fed on sick plague rats, 
could be captm’ed on animals which were not normal hosts for the flea 
The fleas were, moreover, proved to be infested with plague bacilli. 

The Plague Research Commission, working in Bombay between 1905 
and 1907, brought forward much evidence to support the view that the 
rat flea plays an important role in the spread of plague. The spread 
of bubonic plague among rats \\ab studied at fiiM in block huts or go- 
downs. Later, it was discovered that, in the absence of fleas, healthy 
guinea pigs could live in intimate contact with plague-infected animals. 
The classical and extensive experiments of the Commission justified 
the assumption that close and continuous contact with plague-infected 
animalb, were fleas excluded, did not give rise to an epizootic. It be- 
came overwhelmiilgly evident that fleas, and fleas alone, were the trans- 
mitting agents of plague infection, with the exception of pneumonic 
plague. The mechanism of plague transmission by fleas was suggested 
by certain observations of Liston in 1903. In serial sections of fleas 
which had fed on infected blood, he found bacilli principally retained 
in the valvular organ situated immediately in front of the stomach. 
It remained for Bacot and Martin,®- however, to prove the full signifi- 
cance of the phenomenon noted by Liston. They were able to show 
that, while it was possible to infect animals by smearing a skin surface 
punctured by fleas with the fecal dejecta of an infected flea, the num- 
ber of transmissions by this method was low. Observing infected fleas 
feeding upon healthy animals, they noted that, while certain fleas 
sucked energetically and persistently, no blood entered their stomach, 
although the esophagus became unusually distinct. On disbecting the 
fleas, they discovered that the proventriculus was blocked vriih what 
proved to be a solid culture of plague bacilli. Successful transmis- 
sions using “blocked” fleas were numerous, because the blood taken up 
during the sucking not only succeeded in distending the esophagu*', 
but easily flowed out again upon cessation of the sucking act, and thus 
also spilled into the bite a variable number of plague bacilli which had 
become admixed to the blood. The peculiar construction of the pro- 
ventriculus, embodying in its veiy form the instrument by which plague 


woautliier, J. O., ft A. Baybaad. Rev. d’hyg. 85* 426-4BS 1903 ANo, Compt 

rend. Soc. de biol. IKs. 4), 54: 1497. 100? 

■ ar. 8. O. Australasian Med. Gaz., Sydney 88: 348-358. 1903._ 


“ Baoot, A. Wm ft O. J. Martto. J. Hyg. (Plaf ue Suppl. Ill), Crabrldye. Eighth 
Report on Plague Investigations in India 13; 423-489. 1918-1914. 
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is transferred from animal to animal, thus distinguishes the flea from 
other common bloodsucking insects. 

The heterogenous infection chain was not clearly understood, in all 
its essentials, until the ecology of the vectors had been studied. By 
1903, however, it had been definitely proved that plague, primarily a 
rat disease, was also a distinctly seafaring disease during its expansive 
periods. The Paris Conference of 1903 and, more notably, the Inter- 
national Sanitary Conference of 1926, constitute the cornerstones of 
the campaign against plague through international cooperation. These 
conferences advocated control measures for ports and inland areas, 
with special emphasis on the fundamentals of the rat-proofing of ships 
and warehouses. 

The extensive investigations conducted for many years in the United 
States by Grubbs and Holsendorf*-* produced a scientific standard and 
an effective weapon against the menace of seabonie plague. The two 
investigators cite many instances of ships remaining infected for periods 
of from 10 to 20 years, despite repeated fumigation. Consequently, 
they recognized and vigorously defended the principle of rat-proofing, 
which restricts breeding “by depriving rats of the two most important 
biological necessities — inclosed space for nesting and food supply.” 
The technique of rat-proofing, elaborated with the assistance of tlie 
American Marine Standards Committee, became universally known. 
"With the aid of the Eastern Bureau of the League of Nations Health 
Organization in Singapore, a rat-proofing campaign was so successfully 
executed that no plague-infected vessels were reported between 1936 
and 1940. Furthermore, the rat populations on the ships which ply 
the waters of the world have been greatly reduced. It is, thus, not 
surprising to find nearly all great ports free from plague at this time. 
This progressive riddance from the most serious disease which encum- 
bered maritime commerce is certainly one of the greatest achievements 
of sanitation. However, the arrival from Casablanca of a ship wdth 
plague-infected rats in the port of New York, the appearance of plague 
in Ajaccio in Corsica, and the reinfections in Malta, Palermo, etc., 
clearly indicate that the effort must not be relaxed, and that constant 
viplance is imperative. 

The suppresdve measures employed in plague-infected localities are 
based on the primary relation'of man to rodents and their ectopara- 
sites. Any hiunan infection is an accident which depends upon con- 
tact with the rat and its fleas. The principal anti-rat and anti-flea 

» Chratilni, 8. Bn At B. B. SCotoenAoif. The Rat-prooSn^r of Vessels. Third Edi- 
tion. Washin^on. 19 $1. 
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measures used during the past 20-30 years have, admittedly, accom- 
plished a great deal, but there is no absolute unanimity as to the merits 
of rat extermination during an epidemic. The’ French sanitation offi- 
cers believe that toxic baits should not be used, since fleas tend to 
leave dead rats, which are consequently more dangerous than the 
living host animals. There are other authors in India who condemn all 
rat-destructive measures, since they have observed that attempts to re- 
duce the normal rat population in a town tend to increase the chances 
of that town’s becoming plague-infected. Whatever disagreement 
may exist, rat campaigns in plague-free times, which stress systematic 
building-out of rats, supplemented by rodent destruction and the crea- 
tion of deep rodent-free belts around endangered zones, will prove most 
effective. The newer rodenticides, like “Antu” and 1080, may, in 
time, serve as excellent weapons. Effective prophylaxis of plague 
must be preceded by a persistent educational campaign designed to 
make the public anti-rat minded. Well-meant efforts by health au- 
thorities to conduct anti-rat campaigns, are frequently wrecked on the 
rocks of non-cooperation and procrastination. 

Anti-flea measures are imperative in combating human and murine 
plague. The disinfestation of grain and the destruction of rats and 
fleas in nests and burrows with “Cyanogas” have proved effective. 
It is not unlikely that the progress of an epidemic may, in the future, 
be checked by the use of the new insecticide, DDT. Flea destruction 
in all buildings, particularly in native huts, and the wearing of clothing 
impregnated with DDT, may revolutionize the suppressive measures 
against rat-flea-borne plague. 

The experience during the war years with regard to plague tends to 
indicate that hindrances and protective measures developed during the 
past 40 years against rats and rat infection have, with a few exceptions, 
proved effective. Danger of importation of the disease has been re- 
duced to a very low level because of them. A few blitted areas re- 
main. Once the infected North African ports from the Suez Canal 
to Dakar are back to a normal condition, urban plague will no 
longer be a major problem in Africa. The situation in China has not 
been clarified, but there is no need to expect troublesome developments. 
There is ample evidence that plague is not in one of its phases of pan- 
demic expansion. With concerted action and the aid of newer tools, 
the throttling of seaborne infection is definitely in sight. 

Changes are, likewise, occurring in the endemic areas. The evolu- 
tion of resistant races of rats, and the apparent tendency of plague to 
retire from the lowlands to the higher, drier ground of the hinterland. 
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are phenomena of great biologic significance. It is not unlikely that 
domestic rodent plague is again entering a phase of decline. 

THE PROBLEM OF SYLVATIC PLAGUE AND ITS CONTROL 

This cursorj' summary of the preventive measures adopted to con- 
trol rat plague disease has thus far overlooked a new problem, the in- 
fection of wild rodents. The slogan, “no rats, no plague,” as generally 
promulgated by the uninitiated, ignores the fact that wild rodents are 
potentially more dangerous as endemic plague foci than are rats. 
Without a thorough understanding of the ecology of these reservoirs of 
infection, man is handicapped in planning the necessary suppressive 
measures intelligently and effectively. 

The infection of wild rodents, now designated as sylvatic plague, is 
preeminently confined to the brush, desert, and mountains of China, 
the Buroat-Mongol Republic, Trans-Caucasia, southeast U. S. S. R., 
South Africa, Argentina, and the United States. The significance of 
these plague foci cannot be underestimated for the following reasons: 
(1) Frequently, not one but several species of rodents are seriously in- 
volved in the same plague focus; (2) The habits of the rodents and 
their ectoparasitic fauna may show great differences, and their relation- 
ship to man will, consequently, be subject to noteworthy variations; 
(3) There is increasing eAudence that the original plague agent evolved 
in wild rather than in domestic rodents. 

In the old Tibetan sacred books, there are recorded the legends and 
customs dealing with the tarabagan (Arctomys bobac) and its mys- 
terious sickness, which, since time immemorial, has led an entrenched 
existence in Transbaikalia and Mongolia. Inconclusive proof was of- 
fered, in 1911, that this ancient epizootic sickness was plague. A 
A'oluminous, though not readily accessible, literature indicates that it 
must have taken many generations to work out an adequate code of 
precautions against infection. Natives usually knew how to avoid in- 
fected rodents and localities. It is evident that the protective meas- 
sures employed produced excellent results, until the increasing demand 
for tarabagan skins in the world market attracted a large host of hunt- 
ers to formerly unfrequented districts. No fewer than 11,000 Chinese 
hunters invaded the tarabagan districts in the summer of 1910. These 
ignorant coolies from the villages of Shantung, who had never seen a 
tarabagan in their lives, knew no history and had never heard of 
plague. Hence, they caught the sluggish, sick tarabagans with snares. 
These sick animals doubtless furnished the spark for an epidemic 



MEYER: PREVENTION OF PLAGUE 


453 


which ensued in Manchuria. Experience indicates that overcrowding 
of persons in underground inns bore the factors, slow in evolution, 
which ultimately led to the disastrously pneumonic plague epidemics 
of 1910-1911 and 1920-1921, in Manchuria. The former claimed in 
seven months a total of 60,000, and tl\e latter, 9,300, victims. 

These facts contradicted the belief that plague was invariably im- 
ported and strongly incriminated wild rodents as the ancient reservoir 
of the plague bacillus. Attention was thus directed to other endemic 
plague foci. The well-known plague outbreak near Vetlianka in 
Southern Russia had, since 1878-1879, remained an unsolved epidemio- 
logic puzzle. Russian observers contended that plague in that region 
was imported, blamed the pilgrims, and even suspected birds and camels 


Table 2 

Density of CiteUus Population in tbe Caucasun Steppes 


Year 

Average density of the Citellus 
population, in all areas 

Average density of the Citellus 
population, in plague-infected areas 

1934 

1939 

25 to one hectare* 

39 to one hectare* 

0.7 to one hectare* 

2.23 to one hectare* 


1 hectare = 10,000 m®, or 2,471 acres. 


to be carriers of the infection. Not until 1912 was the mystery clari- 
fied, when it was ascertained that several species of the Spermophiles or 
Citellus varieties of burrowing rodents were the chief source of infec- 
tion. Superb and thorough studies into the dynamics of the epizootics 
among these rodents and their fleas, not only incriminated representa- 
tives of the Sciuridae, but also the Muridae. A complex exchange of 
the plague bacillus between squirrels and harvest mice {Microim ar~ 
valis) maintained the reservoir until relatively recent times. 

Referring to the endemic character of plague in the Kirghiz Steppes, 
Klodnitzky®^ says it is impossible to state when plague was introduced, 
although there is no doubt that bubonic plague had been in the area 
long before the Vetlianka experience. According to Joff,*® widespread 
anti-plague measures, involving curtailment of the CiteUus popula- 
tion, led to the liquidation of plague epizootics in the Caucasian 
Steppes. The average density of the rodent population, as presented 
in TABLE 2, reflects the value of the eradicative measures. 

Tens of thousands of workers on Soviet collective farms, under the 
leadership of well-trained mammalogists and entomologists, have been 
responsible for the gratifying results. It is claimed that, as early as 


MzioOnltikY, ar. H. Bull. Office Internat d’hyE. pub. 198 1166. 1927. 

" Joff, X. J. Problemg in the Ecology of Pleas in Relation to their Epidemio- 
logical Importance. (Translation hy Mary H. Garlin, p.S.^D., Liaison Office. 
New York.) Ordjhonikidze Regional Publishing House, Pyatigorsk. 1941. 
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1936, “there were almost no epizootics,” and that, in 1937, despite a 
thorough and widespread investigation, not one plague focus was dis- 
covered. 

This statement recalls a similarly optimistic prediction, ventured in 
1914, with respect to plague in California. It was believed that all 
"discoverable” plague had been eliminated, as a result of the squirrel 
eradication that had been concentrated in nine counties. During 1914, 
plague was found only in four counties, or, more accmately, on 21 
ranches. At the time the pronunciamento was made, these ranches had 
been thoroughly poisoned and hunted over from three to five times, 
with the result that only on one ranch was a plague squirrel found, 
after the work was recorded as complete. The author of the signifi- 
cant statement, “danger of its further spread (plague) has been re- 
moved,” should not be criticized. Little was known, at the time, of 
the never-ending succession of periodic-cyclic fluctuations which char- 
acterizes sylvatic plague. In fact, the health ofiBcial, even with this 
knowledge at his disposal, could not have anticipated the situation as 
it has evolved in the past ten years. 

A brief consideration of the sylvatic plague problem as evidenced 
in the United States may appear appropriate. In 1903, while inves- 
tigating the origin of a case of fatal plague in a blacksmith living in 
Contra Costa County on the east side of San Francisco Bay, Rupert 
Blue became impressed with the possibility that ground squirrels, 
CiteUus beecheyi, might be infected with Pasteurelh pestis. Not until 
1908, however, was proof obtained that mass mortalities among these 
rodents were definitely caused by plague. Sixty-six human infections, 
with 42 deaths, a case fatality rate of 63 per cent, have been traced to 
contact with rodents or to bites from the ectoparasites of squirrels or 
other wild rodents. A small outbreak of pneumonic plague (13 cases) 
which, unfortunately, occurred in Oakland in 1919, and a similar epi- 
demic in Los Angeles in 1924, were traced directly to this source. In 
the latter outbreak, the disease traveled from squirrel sources to rats, 
and then to man. 

Sylvatic plague assumed a new and intriguing position in 1934, with 
the discovery of an extensive plague epizootic among the ground squir- 
rels in the foothills of the Sierra Nevadas, in Kem and Tulare Coun- 
ties, and in Modoc, the most northeastoly coimty of California. 
Plague was also noted in a sheepherder who had camped in an area 
of the Great Basin of Oregon where marmots had died. Intensive 
surveys, which included the killing, dissection, and inoculation of the 
organs of thousands of animals, or the collection of ectoparasites from 
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sick and healthy hosts and their injection as emulsion into healthy 
guinea pigs (so-called “biotest,” according to Joff) , led to the discovery 
of endemic or epizootic plague among at least S8 wild rodent species in 
14 States of the United States. (See figures 1 and 2 and plates 1 and 
2.) The pockmarked appearance of the sur%’ey map indicates that 



Fioube 1. The extent of sylvatic plague in the United States of Arnica and 
Canada by the middle of 1945. Countieb where sjdvatic plague has been demon- 
strated by examination of squirrels, marmots, prairie dogs, etc. and their 
ectoparasites. 

plague exists in relatively confined areas. In the State of California, 
the pockets of plague infection in wild rodents reflect the activity of 
epizootics, which reappear at periodic intervals, in Uie same area and 
on the same ranch. This periodicity may suggest disappearance of 
plague in certain re^ons. Thus, repeated surveys may yield no posi- 
tive specimens, despite the fact that infection among the rodents had 
been definitely demonstrated at one time. For example, plate 2, il- 
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lustrating the plague findings in California during 1942-1943 and 1944- 
1945, definitely sho'ws that sylvatic plague was quite inactive in 1944. 


WILD RODENTS AND RABBITS 
OF THE WESTERN UNITED STATES FOUND PLAGUE-INFECTED 

ACCOROINS TO ttr. MEVER, I03+-+5 


order: RODENTIA 
genus: CITELLUr 


family: SCIURIDAE 


i: CITELLUS, Ground sduirrels . , 

I. CITELLUS ARMATUS, Uirrta dround souirrel (1935) , . 

2^^I|L^pS BEECHEYI BEECHEYI, CaliTornia ground sguirrel (1908) 


■ W» wwin.* mJirtGi (l 93Q) 

7.CITELLUS COLUMBIANUS RUFICAUDUS, Blue mountains ground aduirrel (1939) 
a CITELLUS LATERALIS CHRYSODEIRUS, (kild-rnantled ground sguirrel (1937) 
9.CITELLUS -« — • r.M-' 


1 RICHARDSONII ELEGANS, Wyoming ground sguirrel (1937) 

IQCITELLUS RICHARDSONII NEVADEN^IS, Nev^ ground sguirrel (1937) 

- DirUAOrtCAMII DirUADnCnKJll erCiiirMl 


1 1. CITELLUS RICHARDSONII RICHARDSONII^ Richardson^s < 

12 CITELLUS ■ ■ 

I3CITELLUS ’ 


RICHARDSONII RICHARDSON 1 L Richardson^s ground ^uir 
VARIEGATUS GRAMMURUS, Sav's rock adoirrel (1936) 
VAftlEGATUS UTAH, Utah nDck sguirrel (1936) . , 


[rrel (I935j 


(1939) 

ib* t^iure grouna sgutrrai 

GENUS ITAMIASCIURUS^ Red sduirreia 

I7.TAMIASCIURUS DOUGLASII ALBOLIMBATUS, California chicker^e 

SENUS^SLAyCgMY|,FlYm 0 ^SJgl^^s^ Sierra FIving sguirrel 

GENUS : EUTAMIAS, Western chipmunks 

ISlEUTAMIAS SPECIOSUS I^TER, Tahoe chipmunk (1936) 
genus; CYNOMYG Prairie dogs 

2aCYN0MYS GUNNISONI ZUNIENSIS, Zuni prairie dog (l938) 

2I.CYN0MYS LEUCURUS. White -tailed pralrle-dod 0038) 

22CYN0MYS PA R VI DEN Utah prairie-dog (1936) 
genus: MARMOTA, Marmots 

SaMARMOTA FLAVIVENTER ENGELHARDTL Engelherdt marmot (1936) 
at.MARMOTA FLAVIVENTER NOSOPHORA. feold-mantled marmot (1937) 
25.MARMOTA FLAVIVENTER FLAVIVENTEfe, YelloM^-belliad marmot (1942) 
family: GEOMYIOAE 
GENUS : THOMOMYS 

26THONOMYSBOTTAE, Western pocket-dopher (1942) 

FAMILY HETEROMYIOAE, Kangaroo rats and pocket-mice 
GENUS : DIPODOMYS, Kangaroo rats 

27, OIPODOMYS oMl OROII, Ord's kangaroo rat (1939) 

FAMILY CRICETIDAE, Native rats and mice 
GENUS : ONYCHOMYS, Grssshopper-mice 

aaONYCHOMYS LEUCOGASTER, Grasshopper mouse (1943) 

GENUS : PEROMYSCUS, White-Footed mice ^ ' 

29. PEROMYSCUS TRUEI GILBERTL Gilbert's white- Footed mouse (1934) 

30. PEROMYSCUS TRUEI TRUEI, fruefe white-Fboted mouse 0934} 

GENUS : NEOTOMA , Woodrats ' 

31. NEOTOMA'cinEREA OCCIDENTALISM Western bushv-talled wood rat (1934) 
32 NEOTOMA FUSCIPES MOHAVENSll Mohave desert >wood rat (1934) 

33. NEOTOMA LEPIDA INTERMEDIA, Wood rat (1934) 

M NEOTOMA LEPIDA LEPIDA, Desert wood rat (1935) 

GENUS : MICROTUS 

35.MICROTyS CALIFORNICUS, Meadow mouse (1942) 

FAMILY MURIDAE, 
genus: RATTUS, Rats 

order: LAGpMORl?HA,Hares and rabbits FAMILY: LEPORIDAE, Hares and rabbits 
GENUS . LEPUS^ Oackrabbits 

3&LEPUS CALIFORNICUS, Black-tailed Jack-rabbit (1942) 

GENUS : SYLVILAGUS, Cottontails 

S NUTTALLI I NUTTALLI I, Washington cotlontall (1939) 

5a SYLVl L AGUS sp. Cottontail (1942) 


Tigubb 2. 

In all probability, cold damp spring weather, with late snowfall, in- 
terrupted the normal exchanges of the plague bacillus through the dis- 
turbed flea population. These observations and the data on the maps 
should not be interpreted as presenting a complete delineation of the 
areas in which plague infection has been, or is now, present among wild 
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rodents, nor as a quantitative measui'e of infection. The endemic 
region, which extends from the West Coast into North Dakota and 
Kansas, and from the Mexican border in the south to the provinces of 
British Columbia and Alberta, Canada, in the north, has been sur- 
veyed by few crews, and then during periods when seasonal condi- 
tions favored the sampling procedures. Observations in California 
conclusively prove that localized rodent epizootics rarely coalesce over 
wide areas. The rodent mortalities, while frequently confined to can- 
yons and valleys and rarely observed in open fields, greatly reduce 
all the squirrel colonies, and subsequent careful search may reveal no 
infection for many years. In this connection, observations made on 
the “F” Ranch in Monterej’’ County may cast a light on the involved 
ecological factors which may be responsible for the cyclical periodicity 
and permanent persistence of sylvatic plague. 

A fatal human bubonic plague infection, in 1928, led to the recogni- 
tion of an epizootic among the squirrels of the ^‘F” Ranch. As a sequel 
to thorough cradicative measures supported by annual surveys, the 
area was considered free from plague. In the spring of 1942, or 14 
years after sylvatic plague had last been demonstrated, an epizootic 
was discovered. The Citellus beecheyi population was completely 
eliminated with the aid of a carbon bisulfide control program. A 
survey early in 1943 demonstrated a hea\y mouse population {Microtus 
calif omicus and Peromyscus spj. Numerous plague-infected Micro-* 
tus and a few Peromyscus were taken. The biotest with fleas was 
positive. Control operations decimated the Cricetidae population and, 
for the past two years, no infection has been detected. Under the in- 
fluence of a control program which was directed solely against the 
squirrels, Pasteurella pestis had transferred its activities to the mice 
and thus had protected its persistence and perpetuation in an old focus. 
Many similar observations have fully confirmed the well-known fact 
that surveys primarily instituted to detect enzootic or epizootic syl- 
vatic plague rarely, if ever, offer an opportunity to make a detailed 
search for “liaison rodents’’ and their fleas. 

Surveys executed during the past twelve years, which have proved 
the wide geographic and biologic distribution of sylvatic plague in the 
western United States, give rise. to two impoilant questions; 

(1) How did these pockets of enzootic and epizootic sylvatic plague 
come into being? Under the influence of the traditional concept and 
the factual observations of the importance of migratory rat (hsease, 
the migration theory has been vigorously defended. This theory main- 
tains that the plague bacillus, brought by infected rats into the ports 
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of San Francisco and possibly Seattle, was transferred to the wild 
rodents of the vicinity, and that the existence of plague 1,500 nailes 
from these ports proved its spread from these original foci. Port im- 
portations on the American Continent were proved only after 1900, 
and yet the plague authority, S. J. Kinyoun, frankly places the first 
plague in San Francisco as early as November, 1898. If it be assumed 
that the spread along the West Coast occurred at that time, the ani- 
mal ecologist encounters groat difficulty in trying to explain the proved 
existence of squirrel plague in 1910, at San Miguel in San Luis Obispo 
County, a distance of about 200 miles from the supposed portal of 
entry at the Sacramento River near Port Costa. Studies conducted in 
recent years have shown that the CiteUus population is sedentary and 
stationary, only occasionally traveling over several miles in search of 
food and water. Any dispersal is a slow process. There is, in fact, 
little evidence of any extension in the various subspecies of the CiteUiis; 
only the Douglas squirrel has extended its range slightly in recent years. 

There is ample evidence that undue density of the squirrel popula- 
tion in canyons and draws favors epizootic plague outbreaks, 25 to 40 
ground squirrels per acre being regarded as an excessive number. The 
disease, as a rule, remains confined to foci, and no convincing evidence 
has been produced that some wide-ranging animal has started new 
epizootics. 

A definite lack of continuity and orderly progression characterizes 
the behavior of sylvatic plague. The observations of long-time resi- 
dents of rural communities, who have noted squirrel epizootics, are 
regarded as very important. Exact dates are difficult to fix, but it was 
observed, in the early part of 1880, that the squirrels of Modoc County 
had been decimated by an epizootic disease which in all probability 
was plague. The disease reappeared in 1928, 1929, and 1931, and was 
subsequently proved to be plague in 1934 and 1935. Whenever thor- 
ough epidemiological studies have been conducted by experienced mam- 
malogists, the same history has repeated itself. Naturally, it may be 
argued that the epizootics were caused by Bacterium tularense. Care- 
ful field studies have failed to establish true epizootics of this infection 
in ground squirrels, althou^ scattered, sporadic, single infections have 
quite often been encountered in the course of surveys. An open-minded 
student of the problem cannot ignore the important fact that the dis- 
tribution of spontaneous tularemia in the squirrels and field mice of 
the western United States and also, as a matter of fact, in southeast 
Russia, coincides closely with the range of wild rodents established for 
sylvatic plague. Systematic subinoculation of organs from wild ro- 
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dents, and of their ectoparasites, has shown the existence of plague 
and tularemia in the same areas (Meyer, etc.)- The rodents rarely 
convey tularemia to man. It is well known, however, that contact 
with cottontail rabbits of the genus SylviUtgus, particularly S. flori- 
danus, is especially dangerous (Jellison and Parker®*). Certainly, 
there is no justification for the assumption that tularemia i^ a recent 
importation. It existed in North America long before it w’as discov- 
ered, by McCoy®' in California in 1910, by Francis®* in Utah at a sub- 
sequent date, and by many others in every part of the country. There 
is no dearth of interpretation w’hich could be given to these undeniable 
facts. It is probably not a mere coincidence that the genera Marmota 
and Citellm of the family Sciuridae, and members of the genus Gerbd- 
Im are the principal hosts of the plague bacillus. 

Since weighty evidence incriminates the Asiatic high plateau as the 
original home of plague, it would be of interest, perhaps, to trace the 
origin of the squiiTel now in the world. One could, then, hypothesize 
that, as a population regulator, Pasteurella pesti,<i may have accom- 
panied the terrestrial squirrels to the New World long before man be- 
came interested in tlie dynamics and ecology of the animal-borne hu- 
man disease they brought with them. Ground squin-els are not par- 
ticularly a new' member of the fauna of North America. Fossil forms 
of the animal were found in the Miocene and Pliocene formations. The 
idea that ground squirrels reached this continent via the Bering Strait, 
the Aleutian Chains, and Kuro-Schivedrift, is in part suggested by the 
fact that the Citellm paryii lyratus of the St. Lawrence Islands re- 
sembles C. buxtoni of Siberia, and is closely related to C. paryii abhmis 
of the Alaskan mainland.®® Another factor pointing to an Arctic cen- 
ter of distribution for the North American gi'ound squirrel is the dis- 
position of species at this time. As the squirrels spread into new areas, 
it was inevitable that new species would emerge and survive. Only 
three species now have their range restricted to that area north of the 
United States. Six species have ranges that overlap into the northern 
area. There are fifteen species entirely restricted to the United States. 
Mexico has six recognized species that do not occur in any other area. 
Eight species found in Mexico have ranges that extend into the United 
States. Thus, of the twenty-six species in North America, only two 
are truly Arctic, an additional one is restricted to an island, and the 
others are distributed over a wide area to the south.*® 


w^raUlsoo, W. S., ft B. R. Paxker. Am. X Trop. Hed. 35l 849. 1945. 
o'MoOoy, a. W. Publ. Health Bull. 43. 1911. 

“ Franola, B. PuDL Health Rep. 36: 1781. 1921. „ , , „ „ 

-"Kowell, A. R. Revision of the North American Squirrels. TJ. S. 
1938 

Hoiaenxled, B. Unpublished studies. 
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Equally provocative of further inquuy are observations on the 
zoogeography of certain fleas. The principle, “related parasites on 
related hosts,” has, in recent years, led to interesting specific interpreta- 
tions of tlie origin of certain animal species. 

The flea Diamanus montanus, most prevalent on large-sized ground 
squirrels in the northern United States, is all but indistinguishable 
from Diamanus mandrinus. This latter species was collected from 
Citellus dauricus, in Shensi Province, China, at an altitude of 4,000 
feet. The first description of it was given by Jordan and Rothschild, 
in 1911. Wagner,®^ in an attempt to explain the genesis of certain 
mammals, called attention to the significant fact that the same species 
of fleas frequently accompany their specific hosts in the course of their 
geographic distribution. He points out, for example, that the fleas 
from marmots and from their near relatives, the large species of the 
genus Citellus, belong to the genus Oropsylla, whether the mammals 
are found in Asia or in the New World. In this connection, the fol- 
lowing important observation deserves brief notice. 

Burrougbs,®* working in the Hooper Foundation Laboratory, has 
demonstrated that the species, Oropsylla idahoensis, from the ground 
squirrels in California, is readily infected with the plague bacillus. It 
proved inefficient as a vector in individual transmission tests. In 
observations of over 60 specimens, never once did a column of fresh 
blood in the esophagus stop abruptly at the proventriculus, a phe- 
nomenon characteristic of the blocked flea which has recently attempt- 
ed to feed. Its capacity to serve as an indhidual vector is, therefore, 
either quite low or non-existent. The failure to block may be bio- 
logically interpreted as an adaptation of the flea to plague. This 
species was, in all probability, associated with the parasite for a longer 
time than any of the other species of the Siphonaptera tlius far studied, 
with the exception of Malaracus telchinum, a flea of the meadow mouse. 
This intimate parasite-flea relationship was, doubtless, evolved cen- 
turies before rat plague was recognized. Thus, the hypothesis that 
sylvatic plague is far older than rat plague, and was probably enzootic 
on the American continent before tlie arrival of plague in the West 
Coast ports, indirectly receives suggestive support. 

The widespread epizootic in the foothills of the Sierra Nevadas, in 
1934, created the impression that plague had entered this region for 
the first time. The mass mortalities, at least, reflected the uniformly 
high susceptibility and lack of herd resistance which generally follow 

Wagner, Jolliis. Die Bedeutung der Dctoparasltenstudien xnit Rtlckslcht auf 
die Phylogenie ihrer Wirte. Glasnik, Jugo&lovensko Bntomoloshko Drushtvo Is 
35 . 1926 . 

o Bnxronglis, JL, Xi. Unpublisb^^d observations. 
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prolonged contact with a disease agent. If the interpretation of these 
observations should be proved coiTect, it would serve as an anchor for 
the naigration and importation theory. Yet, one must be wary of rely- 
ing on any a priori reasoning of this kind. 

Anyone familiar with the experimental epidemiological studies of 
rodent herds could cite from the protocols of Topley, Greenwood, and 
Wilson,'*’ Webster,®* and others, examples of epidemic phases with ex- 
ceptionally high mortality during the endemic prevalence of a bacterial 
infection. Furthermore, it is well known that epizootics of squirrel 
plague reappear, at periodic intervals, on ranches not subjected annu- 
ally to control measures which diminish the rodent population. Perti- 
nent observations have been presented in a previous discussion of this 
problem.®® 

It should be recalled that the squirrel population of the Sierra 
Nevadas was overcrowded. The population density in some canyons 
averaged over 40 squirrels to the acre. Such overcrowding leads to 
an increase in parasites and of contacts between the rodents, which, 
in turn, further spreads the parasites. The ultimate result is a flare-up 
of disease. The historical accounts of the epizootic outbreaks of 
disease among diverse rodents in every part of the world amply attest 
to the occurrence of catastrophic mortalities in regions where a disease 
is enzootic. There are fluctuations in the number of wild rats in the 
endemic plague areas of India. During the hot season, plague runs a 
slow subterranean enzootic course from burrow to burrow. The ad- 
vent of the rainy season forces tlie rats to herd in burrows inside 
houses, which leads to a considerable increase in the rat population in 
a given area. Simultaneously, the rain lowers the temperature and 
raises the humidity to such an extent that a striking rise in the flea 
population occurs, followed by explosive plague epizootics among the 
rats. Thus, the climate, and not the state of herd immunity, encour- 
ages the sequence of events. 

Nikanoroff,®® in describing the plague situation in southeast Russia, 
reports that, in certain endemic plague foci, annual epizootics occur 
among the Citelkis varieties. On the other hand, massive epizootics 
among the mice may be followed by prolonged periods of inacthuty, 
conveying the impression that plague has died out. However, when 
the mouse population has reached a great density, a new explosive 

O Soplar, W. V. On as. OrMAVOOd, fe J. WOsoit. J. Path. & Bact. 34: 52i(-631. 
1»31. 

MWelwter. n. T. J. Clin. Invest. 3: 46.S 1927. 

»lE«7«c, K. T, Medicine 31: 143-171. 1942. Also, Am. J. Trop. Med. 22: 2-36. 

1942. 

MXnkanoroffi S. X. BnquSte de TOffice International d*Hygifene Publlque, 1924- 
1927: 96. Masson et Cie. Paris. 1928. 
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epizootic makes its appearance. It does not follow, therefore, that 
because a plague epizootic among squirrels or prairie dogs is recog- 
nized east of the Rocky Mountains, the infection is progressing inland. 
Without a thorough knowledge of previous ecological history and a 
close appreciation of the climactic factors, the truth may be hidden; 
the epizootic may be merely a periodic exacerbation in an enzootic 
area. 

The available evidence is not adequate to warrant a decision in favor 
of one or the other of the two hypotheses which newer knowledge pre- 
sents to explain the ecological observations not in harmony vith the 
facts. The only conclusion one can draw is that the original source 
and date of creation of the enzootic sylvatic plague area on the North 
American Continent, including Canada, remain unknown 

(2) What are the potential dangers of the sylvatic plague reservoirs^ 
This question is constantly raised, but no definite answer can, as yet, 
be given. During the past twelve years, the few human plague cases 
which have been recognized and reported have frequently served as 
sentinels to aimounce the d 3 mamic actmty of the primary rodent dis- 
ease in unrecognized areas. The deatli of a sheepherder led to the 
demonstration of marmot plague in Oregon. A case of bubonic plague 
in Southwest Utah, one in Idaho, and others in Placer and Siskiyou 
Counties, California, as 'well as in Douglas Coimty, Nevada, were con- 
nected with pre'viously unrecognized sylvatic plague pockets. Visible 
epizootics of wild rodent plague rarely, however, produce human in- 
fections. Surveys in the vicinity of human cases frequently fail to 
yield diseased rodents, but often produce a few pools of infected fleas. 
On the other hand, in the midst of epizootics, the fields and canyons 
may be littered with carcasses of dead squirrels and the entrances of 
the rodent burrows swarm with infected fleas. Why human cases fail 
to develop under such circumstances, remains an unsolved mystery. 
Some unknown inherent weakness in the linkage formed by the 
flea must be responsible for the very infrequent human cases in 
the open country. Domestic premises in rural communities, and 
cottages and cabins in summer resorts, are the places where the infec- 
tion has most frequently been contracted. Perusal of early California 
cases supposedly of sylvatic origin has not ruled out to the satisfac- 
tion of every epidemiologist the role of the domestic rat as a vector. 
The participation of mice and their ectoparasites in the exchange of the 
plague bacillus must constantly be kept in mind. A fatal bubonic 
plague infection in a boy residing in Siskiyou County was, in all prob- 
ability, contracted in a bam where field mice exchanged their ecto- 
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parasites with those traceable to infected squirrels living in the adja- 
cent fields and forests. There is ample evidence that, in liie South 
African gerbille-sylvatic plague areas, the multimammate mouse intro- 
duces the infection into native settlements. In the vicinity of the 
larger towns and cities, the rat assumes an increasingly significant 
role as a source of the human disease. Identical conditions may oper- 
ate on the North American Continent. The outbreak in Los Angeles, 
in 1924, followed a transfer of plague from infected ground squirrels 
to rats. 

A close association between rats and field rodents has been observed 
around human habitations in rural areas, and around city garbage 
dumps. It is, thus, not surprising that Prince®^ and other workers 
found rats carrying fleas belonging to species not ordinarily regarded 
as rat fleas. Spread of plague from wild rodents to urban rats con- 
stitutes one of the dangers emanating from the sylvatic plague areas. 
Reappearance of plague in the rats of the San Francisco Bay area and 
in Tacoma, during the past few years, indicates that ectoparasitic vec- 
tors are finding their way from infected wild rodents to rats and mice 
in or near these coastal centers of population. It is barely possible 
that grain shipments originating in eastern Washington localities 
known to be enzootic sylvatic plague foci, and later unloaded in Ta- 
coma, carried the seeds of the recent rat plague to that area. In the 
light of these developments, it is, indeed, disconcerting to note an in- 
creased rat population in the suburban centers of the sylvatic plague 
States, as well as in the Great Plains and Mississippi Valley regions. 
Rat fleas (Xenopsylla cheopis) have recently been found in Ames, 
Iowa, and Columbus, Ohio. Opportunities for dangerous rat plague 
epizootics from wild rodent plague may thus be created. 

Still other conditions may be conducive to increased distribution of 
the infective agent. For example, the following chain deserves atten- 
tion. Wheeler, Douglas, and Evans,®* in 1941, reported the finding 
of infected sticktight fleas {Echidnophaga gallinacea) on a burrowing 
owl taken in an area which had experienced an epizootic in ground 
squiirels. Studies by Burroughs"® indicate that this flea readily be- 
comes infective, and its ability as a vector nearly equals that of 
Xenopsylla cheopis. In addition to being widely distributed in south 
temperate and subtropical climates, it has probablj’- the broadest host 
range, of both wild and domestic birds and mammals, of any species of 
flea. It will readily bite man. It is not improbable, in fact, that 

» Pttaie*, rrutk 1C. Publ. Health Rep. 58: 700. 1943. 

WIiMleri O. K., S. S. Douglas, ft V. O. Brans. Science 94i 560. 1941. 

''^Bnrronglis, A. Xi. rnpuhnshea obs*-j 
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this flea has a sequence of hosts, from squirrels to barnyard animals to 
man. Its epidemiological importance in rural communities is, there- 
fore, obvious. 

Until the ecology of sylvatic plague has been thoroughly worked out, 
isolated observations will continue to serve as a reminder that the 
existence of plague in the flelds and mountains of the Western states 
harbors as yet unknown potentialities. Whatever disagreement may 
exist regarding the magnitude of the menace, it can be said, without 
any fear of contradiction, that some effective means will have to be 
evolved to protect rural communities against exposure. The elimina- 
tion of rat and mouse harborages in, and for many miles around, towns 
is of the greatest importance in safeguarding the inhabitants of small 
communities. The maintenance of so-called “rodent-free” belts 
around towns is imperative. Diminution of dense rodent and flea 
populations close to human settlements, with methyl bromide or with 
a combination of the newer rodenticides and insecticides, demands con- 
stant follow-up, if it is to be successful. Only too often the procedures 
chosen are empirical, or they are temporary and ineffective because of 
lack of adequate funds. 

Research and more research into the ecology of sylvatic plague is the 
answer. It will help to discover the type of hindrance which will, in 
time, liberate the rural communities from a constant hazard which is, 
thus far, unfortunately, unrecognizable and immeasurable. 
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Platb 1 

Plague aieas in the western United States and Canada, 1900-1945 
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Platsi 2 

Sylvatic plague in California, 1942-1945. 




ANIMAL TUBERCULOSIS AND ITS RELATIONSHIP 
TO THE DISEASE IN MAN 


By William H. Feldman 

Divition of Experimental Medicine, Mayo Foundation, Rochester, Minnesota 

No disease has been the subject of more literary exploration than 
tuberculosis. The reasons are obvious. Tuberculosis, in the general 
sense, probably embraces more species of animals, including man, than 
any other infection of major importance. The etiologic agent may 
be any one of a considerable variety of members of the genus Myco- 
bacterium. Several of the varieties of tubercle bacilli are not host- 
specific but thrive well in heterologous species. The development of 
the disease is insidious and its course is chronic and debilitating. The 
factors of susceptibility and resistance to the disease are complex and 
difficult to understand, and practical artificial immunity has been 
difficult to demonstrate. The disease has been, and continues to be, 
one of the greatest killers of mankind, and drug therapy has been 
largely in the realm of speculation. 

All of these various aspects of tuberculosis, and many others, have 
incited the curiosity of countless investigators. Much information of 
practical and theoretical importance has been accumulated, and many 
aspects of the disease are reasonably well understood. However, it 
must be recognized that innumerable problems of formidable dimen- 
sions still confront the investigator who aspires to reveal as yet hidden 
secrets of one of mankind’s oldest sources of misery and death. Re- 
search and more research of a high standard of excellence must have 
generous encouragement, if this ancient but always new disease is to 
be eliminated or ever brought under reasonable control. The task re- 
maining is of stupendous magnitude. To complete this task is worthy 
of the l^est efforts that science can provide. 

The scope of the presentation that follows is limited by restrictions 
iw pliftd by the title assigned to this portion of the program. Since the 
conference is concerned primarily with diseases of animals that may 
be transtnitted to human beings, only tuberculous infections of animals 
tiiat provide a real or possible t^eat to human health will be discussed. 
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CERTAIN BIOLOGIC ASPECTS OF TUBERCLE BACILLI 


Those confronted with the multiplicity of problems which so unique- 
ly characterize tuberculosis, should be familiar with the pathogenesis of 
tile different types of the causative agent, their natural as well as their 
heterologous hosts, and the means of distinguishing one type from the 
others. The relative susceptibility of different species of animals to 
each of the types of tubercle bacilli responsible for naturally acquired 
tuberculosis in warm-blooded animals, is shown in table 1. 


Tablb 1 

Relative Vietjlbncb, in Labobatory Animals, op the Four Types op Mtcobacteru 
Eesponsible fob Tuberculosis op Warm-blooded Animals* 


Bacillary 

type 

Animal 

Guinea pig 

Rabbit 

Chicken 

Vole 

Human 

+ 


0 

0 

Bovine 

-h 

-f 

0 

+ 

Avian 

+ 

■f 

*+“ 

0 

Vole 

0 

0 

1 0 

-f 


►Explanation of aymbols: 0 = very resistant j =P = dightly susceptiWe; + «= deBnitdy 
susceptible. 


The genus MycobcLctBriv/n^ may be conveniently divided into three 
categories: (1) species that are pathogenic for warm-blooded animals; 
(2) species that are parasitic and pathogenic for cold-blooded animals; 
and (3) species that are saprophsrtic. The saprophytic species are 
widely distributed in nature, especially in soil, and are of importance 
to the student of tuberculosis since they may be confused with patho- 
genic species of mycobacteria. Since we are concerned here, primarily, 
with tuberculosis as it affects warm-blooded animals,* we may limit 
our consideration of the genus Mycobact&rium to the following varie- 
ties: Mycobacterium tuberculosis hominis, the natural host of which 
is the human being; Mycobacterium tuberculosis bovis, the natural host 
of which is cattle; and Mycobacterium tuberculosis avium, responsible 
for tuberculosis of fowi. 

While the various “types” of tubercle bacilli have certain biolo^c 
features in common, there exist sufficient differences by which charac- 
teristic representatives of the three types may be distingmshed from 
each other. The distinguishing features may be observed by tiie cul- 
tural behavior of the three types, by tests of pathogenicity and, to a 
lesser extent, antigenically. Distinctions based on alleged morpho- 


♦ For those interested in detailed descriptions of the various species of the genus 
Mycobactenvm that are pathogenic for warm-hloode^nimja^the following may 
be consulted: SmlW Ormth ft Topley ft Wilson,* Kagan,* and 
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logic characteristics of the three bacillary types of the tubercle bacillus 
observed microscopically, do not constitute reliable criteria for dis- 
tinguishing one type from another. 

DETERMINATION OF TYPE 

The physical characteristics of typical human, bovine, and avian 
strains of tubercle bacilli vary sufiBciently, under proper conditions ol 
artificial cultivation, to provide important criteria for at least prelimi- 
nary classification. The fact that most of the typical human strains are 
eugonic (grow readily and luxuriantly) , while the majority of bovine 
strains are dysgonic (grow rather poorly) , is an important difference in 
the two types of mammalian tubercle bacilli. However, the failure 
of moEft bovine strains to grow in onginal isolation, in the presence ol 
glycerin, while the human type of the organism prospers on mediums 
containing this substance, is of the utmost importance in distinguishing 
the two types by cultural methods. For this reason, all materials sus- 
pected of containing bovine tubercle bacilli should be cultured in both 
glycerinated and non-glycerinated mediums. 

Strains of tubercle bacilli classified as bovine or as a^ian, as a result 
of cultural differences and physical appearance, must be subjected to 
tests of virulence in suitable laboratory animals, if unequivocal proof 
of bacillary type is to be established. Only by determining the sus- 
ceptibility of guinea pip, rabbits, and chickens, for a given sti’ain of 
tubercle bacilli, can acceptable e^’idence of its bacillary type be ob- 
tained. It must be recognized, however, that occasionally strains are 
encountered that do not possess the requisite characteristics to permit 
their definite classification as bovine, human, or avian. Such strains 
frequently have the physical appearance of one or the other of the 
recognized types of tubercle bacilli, but fail to express the degree of 
virulence for rabbits, guinea pip, or chickens necessary to qualify 
as one of the recognized bacillary types. Such strains must be con- 
sidered as being of reduced ^irulence or as being atypical, and their true 
identity cannot be determined by present methods. 

The standard test animals for ts^ping tubercle bacilli are guinea pip, 
rabbits, and chickens. It is essential that the animals used be free 
from natmally acquired tuberculosis. This is of the utmost impor- 
tance. While naturally acquired tuberculosis is of rare occurrence in 
guinea pip and rabbits, the same is not true for chickens. In many 
parts of the United States, tuberculosis of chickens is exceedingly 
prevalent, a fact which has not always been taken into consideration 
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by some workers who have reported the occurrence of avian tubercu- 
losis in human beings. It should be the rule of every laboratory that 
no chickens should be used for virulence tests for acid-fast bacSXi, 
unless the chickens have failed to react to an intracutaneous injection 
of avian tuberculin.' When possible, it is preferable to use young 
rather than old birds. 

Finally, when one is interpreting the results of a typing study by 
tests of virulence, it must be emphasized that typical strains of tubercle 
bacilli, when inoculated into susceptible animals, produce progressive 
disease, usually with widespread dissemination of the process to the 
organs of predilection. An alleged bovine strain that produces only 
localized lesions in guinea pigs, and only minimal foci in the lungs of 
rabbits, lacks the virulence necessary to qualify as a bovine form of 
the organism, regardless of its cultural characteristics. Likewise, an 
alleged avian strain of tubercle bacilli that does not produce widely 
disseminated, progressive disease in rabbits and in previously tuber- 
culin-negative chickens, cannot be accepted as a representative of the 
avian species. Identification of types of tubercle bacilli, based on 
morphologic characteristics of the cells, physical characteristics of the 
culin-negative chickens, cannot be accepted as representative of the 
must be considered presumptive. Convincing evidence of the identi- 
fication of a given strain can be established only by properly con- 
ducted tests of virulence. 

TUBERCULOSIS OF CATTLE 

From the point of view of economic loss, hazard to human health, and 
the ubiquitous character of the disease, tuberculosis is without ques- 
tion the most important disease of cattle. The control and eradication 
of the disease are complicated by its insidious development, the tenacity 
of the causative agent, and by the fact that heterologous hosts are fre- 
quently infected. 

The incidence of bovine tuberculosis in different countries varies 
greatly, depending on: (1) the type of animal husbandry practiced; 
(2) the commercial exchange of cattle from one country to another 
without proper regulatory supervision; and (3) the presence or absence 
of a militant and effective veterinary program of eradication and con- 
trol. In broad geographic terms, the greatest concentration of tuber- 
culosis in cattle occurs in the so-called low countries of western Europe, 

* The procedure for conducting- a tuberculin test in chickens has been described 
by Feldman.* 
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including England and Scotland, and the lowest incidence is to be found 
in iJie United States. 

A striking example of the failure of society to protect its citizens 
properly against a disease that can be brought under control is the 
bovine tuberculosis problem in Great Britain. Sufficient knowledge 
exists to provide adequate protection, and. for many years, the medical 
profession has urged the correction of the situation. Rich® recently 
pointed out that 2,000 children die annually in Great Britain from 
bovine tuberculosis infections because of a lack of social responsibility 
on the part of powerful dairy interests which have frustrated all at- 
tempts to enact legislation making pasteurization of milk sold to the 
public compulsory. 

According to a report' dated 1942, about 40 per cent of the cows of 
Great Britain are infected with bovine tuberculosis and, furthermore, 
the annual loss from this disease due to replacements in the herd, con- 
demnation of meat, and loss of productivity amounts to about $15,000,- 
000. Of ominous significance to human health is a report issued in 
1937, which stated that, in Great Britain, five out of every 1,000 dairy 
cows excrete tubercle bacilli in the milk.® More recently, in 1938, 
Griffith* reported that the prevalence of tubercle bacilli in the milk 
of dairy cows in Great Britain, when determined by guinea pig inocu- 
lation tests, varied from 1 or 2 per cent to as high as 10 per cent. 

There can be no doubt that bovine tuberculosis constitutes the most 
serious problem confronting the dairy industry of Great Britain. 
Pasteurization, so far as practiced, has reduced the danger to human 
beings through the ingestion of milk from tuberculous animals. How- 
ever, this safeguard is generally not applicable to the rural popula- 
tion and ignores the more important and fundamental aspect of the 
problem, which is the source of the infection. 

Tuberculosis of cattle occurs in India, Africa, Australia, South 
America, and other parts of the world. 

In Canada, the disease is gradually being brought under control, and 
practically all cattle supplying milk to the larger cities have been tuber- 
culin tested. While the average incidence of the disease for the entire 
Dominion was considered in 1938 to be about 3 per cent, the prevalence 
varied greatly in different provinces. Tlie highest incidence was on 
Prince Edward Island, where 100 per cent of the cattle reacted to 
tuberculin.” 

The remarkable diminution of the incidence of tuberculosis among 
cattle in the United States has been achieved by tiie ruthless application 
of the one sure method of eradicating tuberculosis among domesticated 
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animals — ^Uie tuberculin test and the slaughter of the reactors.* Ac- 
cording to Wight, t since the tuberculosis eradication plan was initiated 
in 1917, a total of 279,236,490 cattle have been tested with tuberculin 
up to June 30, 1945.^® The number of animals that reacted to the 
tuberculin test was 3,891,950. The total amount of money expended 
to accomplish this stupendous and important task, including funds 
appropriated by the counties. States, and Federal government, was 
approximately $250,000,000. Considering the results achieved, the 
cost has not been excessive. That the task could be accomplished 
provides a truly amazing example of man’s ability to utilize the knowl- 
edge of science by integrating the efforts of the veterinary and medical 
professions to free his environment of formidable and insidious factors 
that threaten his life and economic well being. However, the gains 
made in controlling bovine tuberculosis can be advanced or main- 
tained only by recognition of the fact that constant vigilance is neces- 
sary. As long as a single tuberculous animal exists, the possibility of 
the transmission of the infection to healthy animals and to human 
beings exists. The goal should be elimination of the disease. 


The Pathology of Tuberculosis of Cattle$ 

It is the opinibn of those who have investigated the pathogenesis of 
tuberculosis of cattle that, in adult animals, the infection in the ma- 
jority of instances is primarily in the lunp, and that the tubercle 
bacilli reach the parenchyma of the lunp by way of the respiratory 
tract.^’ Being, in most instances, a chronic progressive disease, 
tuberculosis causes destruction of the tissues in the immediate vicinity 
of the original focus, and many become caseous, fibrocaseous,cavitating, 
or calcareous. From the softening, destructive primary focus, spread 
to adjacent regions by continuity, or to distant situations by hema- 
togenous means, frequently occurs. As a consequence, no tissue of 
the animal is immune to the formation of tuberculous lesions, although 
the sites of predilection are lungs, liver, spleen, serous membranes, and 
kidneys. Rarely, the musculature is affected. 

In addition, and this is of great importance to human health, the 
parenchyma of the udder may be the site of tuberculous foci whence 
infectious material finds its w’ay into the milk.§ In the udder, 


* For a detailed and interesting: account of the attack against bovine tubercu- 
losis, the reader should consult the book by Myers.^ 
t Chief, Tuberculosis Eradication Division, United States Department of Agri- 
culture. 

t Limitation of space does not permit a detailed account of the pathology of 
tuberculosis. For additional information, see Van and Sntsrra, Mareki ft 
1Sft3D31]3Bge9ia^ 

5 ^ admirable description of tuberculosis of the bovine udder, see the re- 

port of gRanipii" 
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the disease may affect all four quarters. The supramammary lymph 
nodes may or may not be involved.* The disease may be chronic or 
acute, and invariably leads to extensive tuberculous involvement of the 
duct system. As Stamps® pointed out, in all cases of tuberculosis ot 
the bovine udder the lesions are ‘‘open” and sufficient functioning 
lactating lobules persist to provide for the secretion of at least some 
milk, which of course invariably contains tubercle bacilli. Although 
the disease is transmitted to the udder by the blood stream, local 
spread through the duct system probably occurs in all cases. In prac- 
tically all instances, the excretion of tubercle bacilli in the milk indi- 
cates demonstrable lesions in the udder. However, Topley and Wil- 
son® pointed out that tubercle bacilli may occur in the milk without 
demonstrable gross or microscopic lesions in the mammary gland. 
Whether tubercle bacilli can actually pass through the intact tissues of 
the parenchyma of the udder, may be subject to speculation. It seems 
more likely that, when the organisms are present in milk as it is drawn 
from the udder, alterations of tissue are present, even though they may 
be exceedingly difficult to find. 

The fact that bovine tuberculosis, when in a progressive state, pro- 
duces destruction of tissue which may cause the morbid process to 
break into channels leading to the exterior of the body, provides an im- 
portant circumstance favorable to the transmission of the disease to 
other animals and to human beings. The infective bacteria may occur 
in a variety of materials excreted or secreted by the infected animal. 
These materials include discharges from the respiratory tract, milk, 
urine, semen, vaginal discharges, and feces. If infected, any or all of 
these may serve as a medium for the transmission of tuberculosis to 
previously non-infected hosts. From every point of view, the tuber- 
culous bovine is, potentially, a highly dangerous animal. 

Transmissibility of Bovine Tuberculosis to Other Species of Host 

As mentioned previously, one of the features of the organism re- 
sponsible for tuberculosis of cattle is its ability to prosper in certain 
heterologous hosts, in which it may produce consequences as serious as 
those possible in the natural host. 

Transmissibility from Cattle to Human Beings 

The development of our knowledge concerning the virulence for hu- 
man beings of the bacillus of bovine tuberculosis has been slow, and 

* According to Stamp, the Involvement of the supramammary lymph nodes does 
not indicate that the udder is tuberculous. In fact, the condition of tbj^ yntirc- 
mammary lymph nodes is of no diagnostic value in detecting tuberculosis of the 
bovine udder. 
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has been frequently interrupted by the temporary acceptance of opin- 
ions to the exclusion of facts. Several years before Koch^® announced 
the discovery of the tubercle bacillus in 1882, Villemin proved by 
animal experimentation that tuberculosis is a contagious disease and 
is tlie effect of a specific causative agent. Twenty-five years after 
Koch’s discovery, the danger to human beings of milk from tuberculous 
cattle was generally accepted. This point of view was influenced 
considerably by Koch’s statement, made at the time he repoid/ed the 
discoveiy of the tubercle bacilli, that “bovine tuberculosis is identical 
with the disease in man and is thus a disease transmissible to man.” 

At the British Congress on Tuberculosis held in London in 1901, 
Koch“ reversed his former position and said, in effect, that human tu- 
berculosis differs from that of cattle and cannot be transmitted to bo- 
vines.* Furthermore, Koch held the view that the susceptibility of 
human beings to bovine tubercle bacilli is uncertain and, if infection of 
human beings with the bacillus of bovine tuberculosis occurs, it must 
be very rare. Finally he said : “I should estimate the extent of infec- 
tion by the milk and flesh of tuberculous cattle, and the butter made of 
this milk, is hardly greater than that of hereditary transmission, and, 
therefore, do not deem it advisable to take any measures against it.” 

Koch’s point of Anew as to the unimportance of the bovine tubercle 
bacillus as a hazard to human health was opposed by the oflScials of 
the London Congress. This opposition was shared by many eminent 
scientists who attended the Congress, including Lord Lister. At a gen- 
eral meeting of the Congress, RaveneP® reported the first recorded in- 
stance of having isolated from a human being a tubercle bacillus that 
was proved to be of the bovine variety .f 

The question of virulence of bovine tubercle bacilli for human be- 
ings became so pertinent after Koch’s address at the London Congress 
on Tuberculosis, that an official agency was formed to ascertain the 
facts. Thus, there came ipto being the Royal Commission on Tuber- 
culosis. In the sevei’al years of its existence, the Royal Commission 
made a noteworthy contribution to the knowledge of the disease. The 
final report of the Commission was issued in 1911. 

In an interim report published by the Commission in 1907, the im- 
portance of the bacillus of bovine tuberculosis to human beinp was 

* Smltb,^ in 1898, reported the results of his studies, which had established 
definitely differences between human and bovine tubercle baclllL 

t As a matter of fact, Ravenel reported at the Congress five cases of probable 
bovine tuberculosis In human beings. One patient was Ravenel’s laboratory as- 
sistant, three patients were veterinarians, and one was a cattle car cleaner. The 
disease in all but one case was localized. Later, Ravenel reported before tbe 
Pathological Society of Philadelphia a case of tuberculous meningitis in a child, 
seventeen months of age, from whom tubercle bacilli were obtained and proved 
by cattle inoculation tests to be of the bovine variety. SmiW isolated bovine 
tubercle bacilli from a child in 1905. 
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emphasized by the following statement: ^^Cow’s milk containing bovine 
tubercle bacilli is clearly a cause of tuberculosis and fatal tuberculosis 
in man. Our results clearly point to the necessity of measures more 
stringent than those at present in force being taken to prevent the sale 
and consumption of such milk.”* 

Several members of the British Royal Commission on Tuberculosis 
continued to explore the problem of the transmissibility of bovine tu- 
bercle bacilli for many years after the activities of the Conamission had 
ceased. Among these was the late A. Stanley GriflSth, whose persistent 
and meticulous work, together with the conservative interpretation of 
his results, was probably more responsible for the final indictment of 
the bacillus of bovine tuberculosis as a menace to human health than 
were the efforts of any other individual. 

It is of historical interest to note that, although Koch, at the Inter- 
national Congress on Tuberculosis in Washington in 1908, retreated 
somewhat from his previous dogmatic insistence that the danger of the 
bacilli of cattle tuberculosis for human beings is negligible, he did main- 
tain that satisfactory proof of chronic pulmonary tuberculosis in human 
beings due to bovine tubercle bacilli had not been established. 

Although Koch eventually modified his views regarding the danger 
of the bacilli of cattle tuberculosis to human beings, the influence of his 
earlier belief was well entrenched. Koch^s erroneous views must be 
held largely accountable for the tragic consequences that ensued from 
the earlier failiue of a more general recognition that bovine tubercle 
bacilli have a considerable pathogenicity for human beings. 

The frequency of the bovine type of tuberculous infection in human 
beings is dependent on the incidence of thg disease in cattle and the 
quantity of raw milk consumed. Regardless of the anatomic situa- 
tion of the resultant disease, the most likely source of bovine tubercle 
bacilli responsible for infection of human beings is one or a combina- 
tion of the following: raw or improperly heated milk from tuberculous 
cows; the products of milk from tuberculous cows; contaminated air 
expired from the lungs of tuberculous cattle or human beings infected 
with the bovine type of infection. In addition, it should be recog- 
nized that butchers and meat inspectors, whose duties expose the un- 
protected skin of the arms and hands to virulent material when handling 
tuberculous carcasses, are in danger of cutaneous infection. Thus, 
the possibility of occupational tuberculosis must be recognized.! In 

• Quoted from Oxiffith.^ , ^ 

t KetmansBon.^ inoculated guinea pigs with water in which a meat inspector 
had washed his hands after examining carcasses of tuberculous cattle, and demon- 
strated the presence of virulent tubercle bacillL Similar tests showed the pres- 
ence of tubercle bacilli in the water used by butchers to wash their hands, and in 
the water used to wash towels used by the meat Inspector. 
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fact, several cases of bovine tuberculous infection of butchers have 
been reported by Saenz.“® 

In presenting evidence incriminating the bacilli of bovine tubercu- 
losis as a cause of tuberculous infections of human beings, no attempt 
will be made to give a complete review of the literature. An adnair- 
able review of the subject was published by Price** in -1939. Price’s 
renew was based on an analysis of reports pertaining to about 18,000 
strains of tubercle bacilli studied in various parts of the world. Her 
study led to the conclusion that the total proportion of human tuber- 
culosis induced by the bovine tubercle bacillus is approximately 10 per 
cent. 


Table 2 


The Pebcentagb of Bovihe Tubebcolosis, Auoho Cases or Human and Bovine 
Tubebculosis in Man, in Diffebent Countbies of the Wobld 
(Data compiled by Price”) 


Country 

Total 

Human 

Bovine 

Number 

Per cent 

France 

1,083 

1,055 

28 

2.6 

Germany 

1,165 


158 

13.6 

Netherlands 

767 

701 

66 

8.6 

Switzerland 

218 

201 

17 

7.8 

Sweden 

14 

14 

0 

0 

Norway 

107 


6 

5.6 

Poland 

160 

149 

11 

6.9 

Italy* 

871 

846 

25 

2.9 

Spain 

1 95 


5 

5 3 

Hungary* 

334 

328 

6 

1.8 

Greece " 

327 

327 

0 ! 

0 

Australia 


246 

34 

12.1 

Japan 

272 

264 

8 


United States 

1,362 

1,202 

160 

11.7 

Canada 

901 

847 

54 



* In Italy, there were 64 atypical strains. 


This figure, while serving to emphasize the important significance of 
the virulence of bovine tubercle bacilli for human beings, inadequately 
incriminates this type of the organism in the overall picture of tuber- 
culosis in those countries where the opportunities for infection witJi 
bovine tubercle bacilli are greatest. As one might expect, there is a 
definite parallelism, in different countries, between the incidence of tu- 
berculosis in cattle and the bovine type of tuberculous infection in 
human beings. 

The data on the percentage of bovine t 3 T)e of infection in tuberculous 
human beings in various coimtries of the ^orld, as compiled by Price,®* 
are g^ven in table 2. It must be recognized that the figures given 
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represent only approximations to the true proportion of bo\'ine 
tuberculosis in human beings, but they provide sufficient evidence to 
leave no doubt that tuberculosis in cattle is a menace to human health. 
Undoubtedly, the figures indicating the proportion of bovine tubercu- 
losis in human beings given for the United States (11.7 per cent) are 
too high, so far as the present situation is concerned. The most recent 
reports included in Price’s compilation were published in 1933, and the 
study in which the largest number of bovine infections were found was 
reported in 1910. In the United States, at the present time, the inci- 
dence of human infection is extremely low, especially among children, 
the age group in which the bovine type of infection is most prevalent 
in European countries. 

The magnitude of the public health problem which tuberculosis in 
cattle creates in the British Isles is evident from the information which 
CJriffith-“ compiled, in 1937, from the reports of be\eral investigatois 
The data pertaining to England are presented in table 3, while data 
for Scotland are shown in table 4. 

The data presented in tables 3 and 4 pertain only to extrapulino- 
nary infection due to the bacillus of bovine tuberculosis. AVhile the 
statistics in these tables do not disclose the exact number of cases of 
the bovine type of infection among patients of fifteen years of age or 
less, it is generally known that tlie bovine type of tubercle bacilli af- 
fects the younger age groups more frequently than it affects adults. 
It is also recognized that infection of human beinp witii the bacillus 
of bovine tuberculosis produces, in most instances, tuberculous cervical 
adenitis, tuberculosis of the skin, tuberculosis of tlie peritoneum, or 
tuberculosis of the bones and joints. While it was recognized that tu- 
berculosis of the bovine type might affect almost any tissue of the body, 
pulmonary disease due to this organism was considered as of infrequent 
occurrence until the important and extensive investigations of several 
workers, especially Griffith and his associates in Britain, and Jensen 
and his co-workers in Denmark, proved the situation to be other^vise. 
The evidence obtained indicated definitely that, in countries where 
bovine tuberculosis is prevalent and where milk is consumed in a raw 
4 ^te, thus providing frequent exposure, pulmonary tuberculosis due to 
me bovi«e tubercle bacillus may be expected to occur in a small to 
a considerable percentage of cases. 

The e\’idence presented by Griffith and Munro“ in their final report, 
published in 1944, concerning the role of the bovine tubercle bacillus, 
is most impressive and belatedly provides an unequivocal answer to 
Koch’s skepticism regarding the abilih' of this type of the tubercle 



480 


ANNALS NEW YORK ACADEMY OF SCIENCES 


bacillus to produce pulmonary disease in human beings. Griffith and 
Munro’s report was based on a study of 6,963 cases of pulmonary tu- 
berculosis in Great Britain. In every instance, tubercle bacilli were 
isolated from the sputum, and the bacillary type of each strain was de- 


Tablb 3 

Percentage in England of the Bovine Type of Infection among 1,428 Cases 
OP Extrapulmonary Human Tuberculosis (Griffith'^) 


Variety of tuberculosis, 


Cases 


Percent^e of cases in different age 
groups in which the bovine type of 
bacillus was found 


source of material 

i 

! 

l^ss than 

5 years 

5 to 15 
years 

All ages 

Adenitis (cervical) 

126 

90.9 

53.4 


Lupus 

191 

58.4 

44.4 

48.7 

Scrofuloderma 

60 

53.3 

43.3 

36.6 

Bone and joint 

553 

29.5 

19.1 

19.5 

Genito-urinary 

23 

— 

— 

.17.4 

Meningeal 

265 

28.1 

24.5 

24.6 

Necropsies 

187 

28.6 

15.5 

22.5 

Miscellaneoua 

23 

1 33.3 

9.1 

8.7 


Table 4 


Percentage in Scotland of the Bovine Type op Infection Among 873 Cases of 
Extrapulmonary Human Tuberculosis (Griffith"^) 




Percentage of cases in different age 

Variety of tuberculosis, 
or 

Cases 

groups in which the bovine type of 
bacillus was found 

source of material 


Less than 

5 years 




5 to 15 ! 

years 

All ages 

Adenitis (cervical) 

93 

65.0 

62.3 

51.6 

Lupus 

13 

100.0 

71.4 

69.2 

Bone and joint 

218 

46.2 

28.9 

29.8 

Genito-urinary 

42 

— 

— 

31.0 

Meningeal 

203 

34.4 

14.0 

29.6 

Necropsies 

Miscellaneous 

290 

14 

33.6 

38.5 

32.4 

71.4 


termined by appropriate laboratory procedures. Some of the more 
important findings follow: (1) In Scotland, among 2,769 cases, the 
percentage of pulmonary infections due to the bovine tubercle bacillus 
was 6.8, the highest percentage of bovine infections being in the Ork- 
ney Islands (26.8 per cent), and the lowest percentage (4.4 per cent) 
in the city of Aberdeen, where it was believed that many of the infec- 
tions had originated in rural areas. (2) Among 3,671 strains of tu- 
bercle bacilli obtained from patients in England, seventy-nine (2.15 
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per cent) were bovine in ori^n. (3) In Wales, the bovine type of in- 
fection was found in two out of 203 cases; while in Eire, an examina- 
tion of 320 cases did not disclose any instance of bovine infection. 
(4) In the series studied, a total of 241 cases of pulmonary tubercu- 
losis affecting human beings was due to infection with the bacillus of 
bovine tuberculosis. This figure represents an incidence of 3.6 per cent 
of the total number of cases investigated. (5) There was no doubt 
that the great majority of the patients from whom bovine tubercle 
bacilli were obtained had been infected through the agency of cow’s 
milk. (6) In five instances, both human and bovine strains of tubercle 
bacilli were obtained from a single patient. (7) The possibilitj' of in- 
fection from one human being to another was presumptive in a few in- 
stances, but not proved. (8) Pulmonary tuberculosis in human beings 
caused by bovine tubercle bacilli was indistinguishable, clinically, 
roentgenologically, and by 'post-mortem examination, from pulmonary 
tuberculosis due to tubercle bacilli of the human type. 

A review of the literature reveals that the bovine tubercle bacillus is 
a problem of major importance in the epidemiology of tuberculosis of 
human beings, in the Scandinavian countries and in Germany. Exten- 
sive studies of the problem disclose the fact that infection of human 
beings and especially children by bovine tubercle bacilli is of common 
occurrence. 

The situation in Denm trk has l)een tlioroughly reviewed by Jensen. 
Lester, and Tolderlund.*^ These workers also reported regarding the 
frequency of the bovine type of infection among a total of 5,476 cases 
of human tuberculosis studied during the five-year period from 1931 
to 1936. They found that 644, or 11.8 per cent, of the bacterial strains 
were bovine tubercle bacilli. From gastric lavage, sputa, and pleural 
exudates, bovine tubercle bacilli were obtained from a total of 198 
cases. This figure represents 3.6 per cent of the total number of all 
types of tuberculosis studied and indicates that in nearly a third of 
the cases of bovine tuberculosis infections the infection was pulmonary. 
The other strains of bo\’ine tubercle bacilli obtained were from extra- 
pulmonary lesions. 

Reports on the occurrence in Italy of infection of human beings by 
the bacillus of bo^’ine tuberculosis indicated that the bovine type of in- 
fection does not constitute any large part of the problem of tubercu- 
losis as it applies to human beings. On the basis of studies of more 
than 1,000 strains of tubercle bacilli, the incidence of the bovine type 
was 4.8 per cent. 

In South Africa, infection of human beings with the bacilli of bovine 
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tuberculosis has rarely been demonstrated. The same is true for 
Uganda. In Australia, 8 to 9 per cent of tuberculous infections in 
children were due to the bovine type of the organism. In Argentina, 
relatively few cases have been recognized, and the same is true for 
Japan. In Canada, Price*® foimd the bovine type of infection in 9.6 
per cent of 500 tuberculous children. Without exception, the children 
came from an environment that did not provide for the pasteurization 
of milk. 

The most recent investigation in the United States of sufficient scope 
to provide significant data on the occurrence of tubercle bacilli of the 
bovine type in human pulinonarj' tuberculosis, was reported by Beattie 
and Nicewonger*® in 1942. A total of 377 strains of tubercle bacilli 
from the sputa of persons in sanatoriums and hospitals in various parts 
of California was studied. No strains considered to be bovine in t 3 rpe 
were found. As a matter of fact, it is generally believed that, in the 
United States, at present, infection of human beings with the bacilli of 
bovine tuberculosis is of rare occurrence. Perhaps, the subject should 
be investigated further by determining the type of tubercle bacilli 
present in the sputa of elderly persons who have been infected with 
tubercle bacilli for perhaps two or more decades, and who -were con- 
ceivably infected before the era of widespread tuberculin testing of 
cattle and the pasteurization of milk. Studies of the tjrpes of tubercle 
bacilli found in extrapulmonary tuberculosis of persons in the fourth 
decade of life and older, disclosed, in a small percentage of cases, tu- 
bercle bacilli of the bovine type. It is likely that such infections were 
contracted many years previously, from the drinking of unpasteurized 
milk from tuberculous cows. 

From the foregoing incomplete review of reports and investigations 
that have 3 delded information on the infectivity of bovine tubercle 
bacilli for human beings, several pertinent facts become apparent: (1) 
Mycobacterium tuberculosis bovis is an important pathogen for human 
beings. (2) A review of the literature by Price reveals that, among 
approximately 18,000 cases of human tuberculosis in which the type of 
the infectious agent was determined, the bacilli of bovine tuberculosis 
were responsible for the infection in 10 per cent of the cases. (3) The 
bovine type of infection in human beings occurs most commonly in 
Great Britain, with Denmark next in order of frequency. (4) Cases 
of bovine tuberculous infections of human beings have a rather wide- 
spread geographic distribution, although it must be emphasized that, 
with the exception of the coimtries of western Europe, the problem has 
been insufficiently explored. (6) The organism of bovine tuberculosis 
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is capable of producing in human beings every form of tuberculosis 
of which the human type of organism is capable. (6) Children are 
much more commonly infected by the bovine type of the tubercle bacil- 
lus than are adults. The incidence of the bovine type of infection is 
highest among children less than five years of age.* (7) The usual 
portal of entry of bovine tubercle bacilli, in human beings, is by way of 
the alimentary canal, where the bacilli find their way through the 
medium of contaminated milk and other dairy products. This prob- 
ably accounts for the extrapulmonary situation of the vast majority of 
infections with bovine tubercle bacilli in man. However, the danger of 
the transmission of the bovine type of infection through the respiratory 
tract must not be ignored. The contaminated air of stables housing 
tuberculous cattle is a potential source of contagion to man.*’^ (8) 
While the extrapulmonary forms of tuberculosis predominate in the 
statistics dealing with human infection vith the bacillus of bovine 
tuberculosis, several hundred cases of genuine bovine pulmonary tuber- 
culosis in man have now been established. (9) According to Price, 
lesions of extrapulmonary tuberculosis in a child, in the absence of 
demonstrable tuberculosis in the parenchyma of the lung or the tracheo- 
bronchial lymph nodes, should be regarded as due to the bovine type of 
the infectious agent, until proved otherwise. (10) According to Grif- 
fith, the latent period of bovine pulmonarj^’ tuberculosis of alimentary 
origin may vary from less than one year to twenty-six years or more. 
(11) The tuberculous dairy cow is a serious menace to human health 
and should not be tolerated by an informed society. 

Teansmissebility from Man to Bo\tne 

Tuberculosis being a contagious disease, it would be remarkable, in- 
deed, if the bacilli of cattle tuberculosis could be passed successfully 
only from the natural host (the bovine) to other cattle and to human 
beings. 

As a matter of fact, passage of the bovine type of infection from a 
host to cattle has been recorded. A few instances have been estab- 
lished in which human beings, affected with pulmonary tuberculosis 
due to the bovine type of the tubercle bacillus, have been the source 
of tuberculosis in previously non-infected cattle.”*"®® This possibility 
emphasizes the importance of a tuberculosis exclusion test of hu m a n 
beings who may have access to the premises of a dairy in which re- 

* It is Blow opinion that the difference In the frequency^ of Infection due to 
the bovine tubercle bacillus in adults and In children can be explain^ on the 
basis of grreater exposure of children to toe infectious agent, since milk co^ti- 
tutes a large part of the diet of children, and that the greater degree of natural 
resistance to tuberculosis possessed by adults is also Important. 
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peated tuberculin tests of the cattle reveal the presence of tubercu- 
losis of obscure origin. 

It is also of interest to note that a few instances have been reported 
in which human tubercle bacilli were demonstrated as the infective 
agents in naturally infected cattle.-’^ In many of the cases reported, 
it was known that exposure to human beings suffering from pulmonary 
tuberculosis had occurred. In most of the cases, the infective process 
had remained localized in one or more lymph nodes of the bovine re- 
cipient, although, in one instance, lesions occurred in the lungs, bron- 
chial lymph nodes, and in one of the mesenteric lymph nodes. 

It is obvious that persons who have active pulmonaiy tuberculosis 
should be excluded from premises frequented by cattle. The possi- 
bility of transmitting the human type of tuberculous infection to cattle 
is rather remote, but there is the greater possibility that, as a conse- 
quence of infection with human tubercle bacilli, cattle may be sensi- 
tized to tuberculin. 

Teansmi^sibility from Man to Man 

Whether or not pulmonarj' tuberculosis of the bovine type is ever 
disseminated from one person to another, has not been definitely estab- 
lished. However, impressive evidence exists to support the belief 
that man-to-man transmission of the bovine type of infection not only 
is possible, but does occur.* 

Ruys®® reported a case of pulmonary tuberculosis due to the bovine 
variety of the tubercle bacillus. It appeared that the infection had its 
source in a friend who had open pulmonary infection, also due to 
bovine tubercle bacilli. Another instance of probable transmission of 
the bovine type of infection from one person to another was reported 
bj’ Jensen and associates.^' 

Detection of Bovine Type of Infection in Htunan Beings 

Since there are no recognizable clinical, roentgenographic, or patho- 
logic features that provide reliable means whereby one can definitely 
distinguish human from bovine forms of tuberculous infection in man, 
laboratory procedures are necessary for the precise diagnosis. As was 
mentioned previously, most mammalian strains of tubercle bacilli can 
be “typed” as bovine or human, on the basis of certain cultural fea- 
tures of the two forms of the organism. Most strains of the human 
type grow best in a medium containing glycerin, while bovine strains 

* For a more detailed discussion of this subject, see Jensen, ^ster, ft Tolder- 
and gdldinan.” 
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on original isolation, with very few exceptions, prefer a non-glycerinated 
medium. Furthermore, most strains of the human type of the tubercle 
bacilli are eugonic and, conversely, strains of the bovine form of the 
organism arc dysgonic in their gro\!viih propensities.’* It must be kept 
in mind that the distinguishing features of various strains of tubercle 
bacilli, based on the characters just mentioned, constitute presump- 
tive, rather than unequivocal, proof of the variety of tubercle bacillus 
imder consideration. To obtain convincing proof of the true character 
of a tuberculous infection, it is necessary to conduct tests of patho- 
genicity using at least guinea pigs and rabbits. With the results of 
a properly conducted animal test available, an investigator should be 
in a position to type, or classify definitely, the vast majority of strains 
of acid-fast bacilli responsible for mammalian tuberculosis.f 


Control of Infection from Cattle to Man 

As was mentioned previously, milk from tuberculous cows is fre- 
quently contaminated with tubercle bacilli. Butter, cream, and cheese 
made from infected milk likewise contain the infecting organisms 
for varying periods. Even if the milk from tuberculous cows is not in- 
fected before it is excreted from the udder, there is always the possi- 
bility of the milk becoming infected from extraneous sources, of which 
manure, in the dairy barn or in the barnyard, is the most important. 
Data assembled by Williams and Hoy^® show definitely that dung 
from tuberculous cattle, and even from cattle that were apparently 
healthy, contained tubercle bacilli virulent for guinea pigs. The con- 
tamination of milk by barnyard filth occurs fairly commonly and, 
should fecal material containing tubercle bacilli fall into the milk from 
the soiled surface of the udder and sides of the cow, the milk at once 
becomes dangerous to human health, unless it is subjected to heat suffi- 
cient to kill tubercle bacilli.^ 

A sound and well-proved method of safeguarding the public from the 
tuberculous dairy cow is the periodic tuberculin testing of all cattle 


• Various atypical strains of tubercle bacilli, and instances of ‘'mixed*' infec- 
tions with human and bovine types of tubercle bacilli, are considered in the re- 
view article by Price, ^ and by Griffith ft Mnnro,^ Jensen ft X^ester,^* and Jensen ft 
Klaer.^ 

f Griffith^ commented on certain features that should enable the experienced 
worker to recognize, presumptively, bovine tubercle bacilli present in sputum of 
man. According to Griffith, if the bacilli in a stained film preparation of sputum 
are mostly short and uniformly stained, and sometimes occur in small clumps, 
the infective agent is almost Invariably bovine in origin. Griffith recognized the 
unreliability of such criteria, for he stated* ’‘Unfortunately one cannot rely upon 
morphology for the detection of cases of bovine pulmonary tuberculosis." How- 
ever, such criteria may provide suggestive hints for additional studies of unusual 
strains of acid-fast bacilli. 

t Kaddook” showed that, in some Instances, virulent bovine tubercle bacilli can 
survive a period of six months’ exposure in soil, in soil and dung mixture, and 
in dung. 
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and the slaughter of those animals that react positively to the test. 
As a further safeguard, the proper pasteurization of milk intended for 
human consumption should be compulsory. Pasteurization of milk, at 
145° F. for thirty minutes, renders tubercle bacilli non-viable. In ad- 
dition, the thermal effect on many other milk-borne infections that 
might initiate illness among consumers of the milk is an important at- 
tribute of the pasteurization process. 

With modern equipment, pasteurization of milk is an economical 
and efficient procedure for rendering milk safe for human consump- 
tion without impairing to any measurable degi’ee its value as a highly 
important and nutritious food. For satisfactory results, pasteuriza- 
tion plants should be operated under some public health authority, and 
in strict conformity with regulations designed to provide maximal 
efficiency. 

Unless pasteurization is properly done, a great deal of evil may re- 
sult as a consequence of the safety that is implied if the phrase “pas- 
teurized milk” is used indiscriminately. Modem equipment, proper 
supervision, and frequent inspections are the essential factors for ob- 
taining pasteurized milk that is safe and clean. Another factor to be 
considered in the possible transmissibility of tuberculosis of animals to 
human beings is the infectivity of the musculature and other edible 
tissue of meat-producing animals. Tuberculosis in animals is ordi- 
narily not a self-limiting disease. The infective agents are conveyed 
from an initial lesion to other situations of predilection by continuity, 
by the lymphatics, and by the blood stream. 

In the United States and many other coimtries, a system of meat in- 
spection is provided under either local or central governmental super- 
vision, to prevent the use, by human beings, of meat or meat products 
that are unwholesome. The efficacy of such inspection depends on the 
competency of the inspecting personnel, and on the control that the 
inspecting authority exercises over the slaughtering establishment where 
the meat inspection is maintained. 

The meat inspection service administered by the United States De- 
partment of Agriculture is probably the finest in the world. However, 
Federally supervised meat inspection is required only for meat pre- 
pared for food by concerns that engage in interstate commerce, and is 
not available for about 35 per cent of the nation’s meat supply, which 
is sold within the State in which it is prepared. The latter is offered 
for sale rither vrithout the benefit of any inspection whatever, or under 
city, county, or State inspection, which is frequently inadequate, owing 
to lack of trained persoimel and the failure of public health authorities 
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to insist that meat sold within the State should have as adequate in- 
spection as that sold outside the state. 

In inspecting meat of tuberculous animals to determine wholesome- 
ness for human consumption, the Federal inspector is guided by regu- 
lations which are based on the principle that no meat shall be sold for 
food if it contains tubercle bacilli; or, if there is a reasonable possibil- 
ity that it contains tubercle bacilli; or, if it is impregnated with the 
toxic substances of tuberculosis or associated septic infections. Fur- 
thermore, cognizance is taken of the fact that, in most civilized coun- 
tries, meat is not eaten in the raw state, and that the temperature 
necessary for cooking kills any tubercle bacilli that might conceivably 
be present.* 

TUBERCULOSIS IN MAMMALS OTHER THAN CATTLE 

Dogs 

Dogs are, apparently, equally susceptible to the bovine type and to 
the human type of tubercle bacillus. Tuberculosis in dogs produces 
few symptoms that are characteristic and, as a consequence, the disease 
is seldom recognized while the affected animal is alive. The disease in 
dogs frequently affects the lungs, where the lesions commonly undergo 
necrosis, with extension of the bacilli-laden cellular detritus to the 
larger respiratory channels. Consequently, the tuberculous dog is a 
potential danger to human beings and especially to children, who fre- 
quently fondle and play with their canine pets in an intimate manner.t 

In 182 cases in which the bacillaiy type of the infecting agent was 
determined, the frequency of infection of dogs with the human type of 
the tubercle bacillus was about three times as great as the frequency 
of infection with the bovine type. The disparity in the incidence of 
the two types of the infecting agent in this series of cases can best be 
explained on the basis that there probably was a greater opportunity 
for exposure to infectious material containing tubercle bacilli of the 
human type. 

The public health aspect of tuberculosis in dogs, while only pre- 
sumptive, is, howearer, worthy of consideration. So far as is Imown, 
no instance of transmission of the infection from an infected dog to a 
human being has been reported; yet, as mentioned previously, the pos- 
sibility of transmission from animal to man exists. In tuberculous dogs 

• For data pertaining to the presence of virulent tubercle bacilli in muscle, 
heart, blood, spleen, liver, and lymph nodes of a variety of food animals affected 
with tuberculosis, see the report by XSaUer Si Ishlwara.*** 

t For additional information on tuberculosis in dogs, the following may be con- 
sulted: Scott, » Feldman ft Oode,«> and Novell ft Whlte.«^ 



488 


ANK^ALS NEW YORK ACADEMY OF SCIENCES 


having pulmonary lesions in which there is bronchogenic spread or 
exudative tuberculous pneumonitis, countless numbers of tubercle ba- 
cilli must find egress with the respiration and excretions, and mix with 
the saliva. Many of the organisms are undoubtedly swallowed and 
eliminated with the feces. In .severe destructive tuberculosis of the 
kidneys, tuberculous bacilluria is probably fairly common. These 
facts should be sufficient reasons for excluding the possibility of tubei'- 
culosis in the diagnostic consideration of sick dogs in which the disease 
is suspected. Obviously, a tuberculous dog should be destroyed. 

Cats 

Tuberculosis is an uncommon disease among cats, especially in tire 
United States. Statistics from European sources indicate that the in- 
cidence of tuberculous infection among cats is about 2 per cent. This 
figure will vary with different geographic locations, and is largely de- 
pendent on the prevalence of tubercle bacilli in the milk supply. Cats 
have a formidable resistance to infection with tubercle bacilli of the 
human and avian types, but are susceptible to the bovine type of the 
organism.* Available evidence indicates that, in most instances, the 
infection in cats has its portal of entry by way of the digestive tract. 
This coincides with the fact that, in districts where bovine tubercle 
bacilli occur in the milk, tuberculosis also occurs among cats. Milk 
containing bovine tubercle bacilli and consumed by cats is the obvious 
source of most infections in these animals. 

The pathologic character of tuberculosis in cats is that of a dis- 
seminated miliary or nodular process that is commonly characterized 
by liquefaction. Although the route of entry of the infective agent is 
through the mucosa of the intestine, the intestine may be without de- 
monstrable lesions. In some instances, severe tuberculous enteritis 
may occur. However, this would appear to be due to reinfection, from 
the presence of tubercle bacilli in the ingesta as a consequence of an 
animal that has •‘open” pulmonai’j' tuberculosis swallowing its own in- 
fective respiratory secretions. It is likely that, in the lungs, the pri- 
mary focus occurs subpleurally. Extension of the process into the 
pleura and beyond may produce a purulent or fibrinous pleural reac- 
tion. The pleura becomes greatly thickened and may eventually con- 
sist of a dense structure of fibrous connective tissue, without distin- 
guishing rigns of tuberculosis. 

• Xnwaltara^ attempted to infect a series of cats with human tubercle bacilli 
by inoculation, feeding, and exposing cats for two to three years In the homes 
of tuberculous patients. In none of the animals did tuberculosis develop. liro- 
gressive tuberculosis developed among all cats inoculated with bovine tubercle 
bacilli. 
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As the disease progresses in the lungs, diffuse and striking pneumoni- 
tis may ensue. As a consequence, large regions of the lungs become 
solidified. These eventually caseate or liquefy, with the destruction of 
pulmonary tissue and the formation of ca\’ities. Entrance of tuber- 
culous debrib into tlie bronchioles may occur. As a result, broncho- 
genic spread of the infection is probably fairly common. 

Except in the early miliary lorm, the tuberculoub character of the 
lesions may not at once be recognized microscopically. Giant cells 
of the Langhans type do not occur. When caseation is present, regions 
of caseation sometimes become calcified; but this is uncommon. Ap- 
propriately stained tissue may contain acid-fast bacilli in sufScient 
numbers to be seen microscopically. 

The disease seems to have a special predilection for the lungs, judg- 
ing from the severity of the reaction in these organs. In instances in 
which tuberculous pneumonitis is present, large regions of the paren- 
chymal tissues are distorted and destroyed beyond recognition. 

Generally speaking, the pathologic character of naturally acquired 
tuberculosis among cats is similar, in*many respects, to that of inocula- 
tion tuberculosis in the highly susceptible guinea pig. The disease in 
both species is widely disseminated and highly destructive, and there 
are many similarities in the microscopic appearance of the lesions in 
the various organs. 

In spite of the absence ot known instanceb in which tuberculous 
infection of cats has been communicated to human beings, one cannot 
ignore the possibility of this occurring. The tuberculous cat, like the 
tuberculous dog, must be considered as a potential source of tubercu- 
lous infection to man, and particularly to children.* 

Swine 

The susceptibility of swine to Mycobacterhcrn tuberculosis is unique 
in that this animal is susceptible, although to variable degrees, to each 
of the three common types of tubercle bacilli responsible for tubercu- 
losis in warm-blooded animals.f Because of this fact, the incidence 
of tuberculosis in this common domestic animal provides an index to 
the amount of tuberculosis in cattle, man, and chickens, in a given 
community. It must be recognized, however, that the preceding state- 
ment is subject to at least one reservation, in that the possibility of 
exposure constitutes an important factor in the relative incidence of 
infection by the respective bacillary types of the organism. 

♦Additional information regarding tuberculosis in cats will be found In the 
report by Dobson.^ 

T Information regarding susceptibility of swine to the vole bacillus is not 
available. 
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While the bo'v’ine type of infection in swine has decreased as tuber- 
culosis has been eliminated from cattle, the total percentage of tuber- 
culosis in fawine has continued at a relatively high level. At the present 
time, in the United States, tuberculosis of swine is caused in the vast 
majority of instance^ by the organism of avian tuberculosis.* 

Tuberculosib oi bwine due to the human type of infection probably 
occurs rather infrequently, althougli precise information regarding this 
IS not available. In a btudy on the type of tubercle bacilli responsible 
for tuberculous lesions in garbage-led hogs, it was shown that, among 
2t)4 animals examined alter slaughter, 28.4 per cent had tuberculosis. 
Subsequent studies to determine the type ol the infecting organisms in 
each of the diseased carcasses showed that 74.5 per cent of the bac- 
terial strains were of the avian type, and 25.5 per cent were of the 
human type. 

Generally speaking, the bo'vdne type of the tubercle bacillus is capa- 
ble of producing in swine a more severe and more widely disseminated 
tuberculosis than either of the other two forms of the organism. Avian 
tuberculosis in swine is, predominantly, a localized disease of the lymph 
nodes. However, the disease may become widely distributed with in- 
volvement of the liver, spleen, lungs, and kidneys. Natural infection 
of swine with human tubercle bacilli seldom results in more than local- 
ized tuberculous adenitis. The lymph nodes of predilection are the 
mesenteric, the submaxillaiy, and the cervical. 

tiwine atlected with human or bovine tubercle bacilli are not neces- 
sarily a serious hazard to human health, pro\ided the carcasses of such 
animals are subjected to a proper post-mortem examination by a quali- 
fied meat inspection service. It must be recognized, however, that 
lesions of tuberculosis in swine due to the bovine or to the human type 
of tubercle bacillus constitute a poh&ible occupational hazard for 
slaughterhouse employees and meat inspectors. 

When infection of swine by human tubercle bacilli is known, the 
fact should be of interest to those concerned with the public health. 
If the dissemination of human tubercle bacilli is occurring in a com- 
mumty in suflScient numbers to produce tuberculous lesions in swine, 
it is reasonable to J)elieve that the source of such pathogens is a poten- 
tial danger to human beings. 

The public health aspect of the avian type of tuberculous infection 
in swine is probably negligible, since, as will be pointed out later, 
human infection with avian tubercle bacilli is extremely rare. 

• A account of avian tuberculosis In swine will be found in the mono- 



FELDMAN: ANIMAL TUBERCULOSIS 


491 


TUBERCULOSIS OF CHICKENS* 

Tuberculosis of chickens is widely distributed throughout most of 
the northern hemisphere, and is one of the most common and, in some 
areas, one of the most serious diseases affecting the domestic chicken. 
The disease is particularly prevalent in the north central portion of 
the United States, where in some districts 60 to 70 per cent of the flocks 
are affected. 

Chickens are susceptible only to the avian type of the tubercle ba- 
cillus. However, the organism of avian tuberculosis is virulent in 
varying degrees for several heterologous hosts, including certain mam- 
mals such as swine and, to a lesser degree, cattle.f The disease in 
chickens is characterized by its insidious course and chronicity; by the 
presence, within the lesions, of exceedingly large numbers of the infec- 
tious bacteria; and by ulcerative lesions ot the intestines, which pro- 
vide a favorable circumstance for a gross dissemination of the in- 
fectious agent mixed with the fecal material. 

The infection is acquired, in most instances, by the infective agent 
entering the digestive tract with food or w^ater, although infection by 
the respiratory tract has been reported. Lesions occur most frequently 
in the intestines, the spleen, liver, lungs, and bone marrow'. Occasion- 
ally, cutaneous lesions have been observed. 

Where tuberculous chickens exist, there is abundant opportunity for 
the infection to spread to other chickens and to susceptible heterologou'- 
hosts. As mentioned previously, the fecal material abounds with tu- 
bercle bacilli, which have a considerable ability to remain ^dable out- 
side the body of the host for a long time. It is known that the or- 
ganism of avian tuberculosis wall remain viable and pathogenic in the 
litter and soil of an infected barnyard for several years after the prem- 
ises have been contaminated. 

The accumulated e^adence indicates that, occasionally, avian tu- 
bercle bacilli are present in eggs from tuberculous hens. This does 
not occur often; probably in less than 1 per cent of the eggs laid by in- 
fected chickens. 

Assuming that a small percentage of eggs from tuberculous hens 
contain virulent tubercle bacilli, and accepting th^ fact that most of 
the eggs from chickens are consumed by human beings, it is important 
to know the temperature necessary to render the bacilli non-nable. It 
is generally believed that time and temperature sufficient to obtain 

* For a comprehensive account of tuberculosis in chickens, see the monograph 

by Feldmaii** 

t A review of the pertinent information regarding the pathogenicity of avian 
tubercle bacilli for cattle has been published.^ 
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eggs that are '^hard-boiled” are, ordinarily, sufficient to kill avian tu- 
bercle bacilli that may be present. However, there is some evidence to 
indicate that the time of boiling must be extended to ten minutes, to 
insure the desired results. 

AVIAN TUBERCULOSIS IN MAN 

One of the most important, yet most confusing, questions concerning 
tuberculosis in chickens is whether or not the infection is communicable 
to human beings. The question has been the subject of much specu- 
lation, and a careful review of the literature reveals that many, indeed, 
of the cases of alleged avian tuberculosis infections in man have been 
either inadequately described or incompletely or incorrectly studied. 
As a consequence, a reviewer must, if he is critical, come to the con- 
clusion that, in most instances, infection of human beings with the 
avian type of the tubercle bacillus has not been proved by acceptable 
evidence. Feldman^ reviewed the cases reported up to 1938 and con- 
cluded '*that in the majority a diagnosis of avian tubercle bacillus in- 
fections was questionable or erroneous.” Rich® analyzed the data pre- 
sented up to 1944 and concluded “that if progressive tuberculosis is 
ever produced in the human being by the avian bacillus it must be only 
very rarely ” 

In spite of the skepticism that logically follows a critical examination 
of the evidence presented to support most of tlie reported cases of al- 
leged avian tubercle bacilli infections in man, it is possible that, in a 
few cases at least, avian tubercle bacilli have been demonstrated from 
morbid materials derived from human beings. 

The literatui'c for 1938 contains the reports of two cases, in each of 
which acid-fast bacilli with the requisite pathogenic characteristics of 
avian tubercle bacilli were demonstrated fiom the tissue of human be- 
ings. The essential procedures followed, in each of these cases, are de- 
scribed in sufficient detail to enable one to obtain a fair understanding of 
what was done and what the results were. S^ince it seems reasonably 
certain that, in each case, tubercle bacilli indistinguishable from the 
organism of a\dan tuberculosis were obtained, a summarj^ of each of 
the two reports may be of interest. 

Case 1 (reported by BoTinet, Thieffry, and Montefiore ^^) . The mate- 
rial for study consisted of a mediastinal lymph node, obtained at nec- 
ropsy from the body of a man. Prior to death, a diagnosis of malig- 
nant lymphogranulomatosis (Hodgkin’s disease) had been made. The 
diagnosis had been confirmed by a microscopic examination of biopsy 
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specimens from two subclavicular lymph nodes. Using egg medium, 
and working in a laboratory where avian tubercle bacilli had never been 
previously, the entire mediastinal lymph node was used to prepare cul- 
tures. In fifteen days, there developed a large number of colonies 
which, from the authors’ description, were definitely unlike either hu- 
man or bovine tubercle bacilli. The organisms grew rapidly and pro- 
duced an abundant growth. The organisms were acid-fast and alco- 
hol-fast. One need not dwell on the physical character of the colonies 
obtained. Of more importance were the results of the test of patho- 
genicity. The organism was tested by animal inoculations, on two 
occasions, six months apart, and the results were essentially alike. 
The virulence of the culture was tested by the inoculation of a total of 
six guinea pigs, seven rabbits, and eight chickens. The guinea pigs 
were inoculated subcutaneously, and the rabbits and chickens were in- 
oculated intravenously. The results showed that the organism was 
avirulent for guinea pigs even in an amount as great as 1 mg. Con- 
versely, the organism proved highly virulent for chickens, following 
the inoculation of as little as 0.000001 mg. For rabbits, a dose of 
0.0001 mg. proved lethal. (Data on the results obtained in one of the 
seven rabbits inoculated were not given.) 

The chickens and rabbits were continued under observation until 
they died, presumably as a consequence of the infection. At necropsy, 
the chickens had the usual lesions of avian tuberculosis in the hver, 
spleen, and bone marrow. Although the viscera of the rabbits ap- 
peared normal, the tissues contained numerous acid-fast bacillary 
forms. 

If one can preclude the possibility of inadvertent circumstances, the 
evidence seems to support the claim that acid-fast organisms which 
were pathogenically similar to virulent tubercle bacilli of the avian 
type were isolated from a human being. However, it is important to 
point out that, even if this conclusion be valid, there is no proof that 
the organism obtained from the mediastinal lymph node was etiolog- 
ically concerned in the development of the morbid process from which 
it was obtained. It may be possible, under certain favorable circum- 
stances, for avian tubercle bacilli to find lodgment in previously estab- 
lished morbid tissue. In this environment, the organism could con- 
ceivably remain viable for an indefinite period, and might even mul- 
tiply without necessarily contributing significantly to the essential 
pathology of the morbid state. 

Case 2 [reported by Danbolt and Brandt *^) . The case w’as that of 
a fifty-year-old woman who grew up on a farm in an area of Norway 
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where tuberculosis of chickens commonly occurred, and where a large 
percentage of the swine were infected T^dth the avian type of the tu- 
bercle bacillus. The initial lesion was on the skin of the right cheek. 
Subsequently, a lesion developed on the left upper arm. This was fol- 
lowed, some time later, by the occurrence of a lesion on the skin of tlie 
breast. The condition was diagnosed in 1934 as Boeck’s sarcoid. 
The lesion on the cheek eventually extended over the entire nose. 
There were no ulcerations. Biopsy material obtained in 1934 was used 
to inoculate two guinea pigs, which were without tuberculosis when 
killed one year later. 

In 1987, tlie patient was again examined. The lesions had pro- 
gressed and there was bilateral adenopathy of the axillary lymph 
nodes, Clinically, the condition was again considered to be Boeck^s 
sarcoid. The sputum wub exainiiied by culture and by tlie inoculation 
of guinea pigs, but the results were negative. 

Biopsy material was again obtained from the lesion on the cheek 
and prepared for culture on Petragnani V medium. There eventually 
appeared numerous grayish white (‘olouies with tlie physical properties 
of a\ian tubercle bacilli. A guinea pig inoculated with material pre- 
pared from the biopsy specimen was negative for tuberculosis wlien 
killed three months later. One rabbit was inoculated subcutaneously 
w’ith the tissue suspension and w'as killed three months later. The only 
lesions found W'ere adenopathy of the axillary lymph no<les. Prom the 
lymph node material trom the rabbit, a culture w^as obtained similar 
to that obtained direct from the biopsy material. A chicken inocu- 
lated subcutaneously with portions of the biopsy material was without 
signs of tuberculosis when killed three months subseciuent to inocula- 
tion. 

The cultuie obtained directly from tlie biop&y specimen w'as tested 
fur virulence and failed to produce tuberculous lesions in the one guinea 
pig inoculated, but was definitely pathogenic for the one rabbit and 
one chicken inoculated. The organism w’as recovered by culture from 
botli the rabbit and the chicken. It was concluded that the organism 
demonstrated from the case w^as a tubercle bacillus of the avian type. 

In tliis case, the facts iiecessaiy to support the identification of an 
a\’ian type of tubercle bacillus are impressive. That the organism 
was obtained by direct culture of the biopsy material and from the 
tissues of a rabbit inoculated with portions of the same material, is 
important. However, the failure of portions of the same material to 
produce demonstrable disease in a chicken seems unusual. The fact 
that the chicken received the inoculum subcutaneously and Tvas nut 
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observed for a longer period than three months may have influenced 
the results. 

Important additional evidence of a more convincing character would 
have occurred, had an organism similar to the one described subse- 
quently been obtained from one or more a<lfiitional biopsy specimens 
from the same patient. This would seem a reasonable expectation if 
the organism described was actually a factor in the development and 
progression of the disease. 

An instance in which tubercle bacilli of tlie avian type were ob- 
tained from the gastric lavage of a child seventeen months of age was 
reported from Denmark by Jensen, Lester, and Tolderlund.®^ The 
parents of the child were considered healthy, and there was no known 
source of the infection. The child had been breast-fed for the flrst 
two months of life, after which she received, daily, 0.5 to 1.0 liter of 
pasteurized cow’s milk. At the age of approximately sixteen months, 
unilateral cervical adenitis developed, which was progressive in its 
course. Conjunctivitis occmred, and a Arm nodule appeared at the 
angle of the ri^t mandible. Examination of the lungs revealed coarse 
and fine rdles. The tuberculin test gave positive results. A roent- 
genogram of the lungs showed scattered miliary foci suggestive of 
tuberculosis. The cervical lymph nodes continued to increase in size 
and were eventually aspirated, but, unfortunately, the material was 
not examined bacteriologically. Acid-fast and alcohol-fast bacilli 
were obtained from one specimen of gastric lavage, but two specimens 
from the stomach, examined subsequently, failed to yield similar or- 
ganisms. When the patient was reexamined, two years later, draining 
fistulas of the upper cervical region were recorded, but a roentgeno- 
gram of the lungs failed to show abnormalities. 

The culture obtained from the gastric lavage was tested for its 
pathogenicity by the intraperitoneal inoculation of two guinea pigs and 
by the intravenous inoculation of two rabbits. The amount of inocu- 
lum for each of tlie guinea pigs was 1 mg., and for the rabbits, 10 mg. 
and 1 mg., respectively. 

The guinea pigs were killed ei^t weeks after inoculation, and in 
each, the evidence of infection consisted essentially of diffuse hyper- 
trophy of the spleen with small omental abscesses and enlargement of 
certain abdominal lymph nodes. The liver and lungs were not af- 
fected, and no nodules could be recognized grossly in the spleen. 

There was no question regarding the marked virulence of the infec- 
tive inoculum for the rabbits. One rabbit died after mneteen days, 
and the other died after twenty-eight days. In both animals, the 
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spleen was markedly enlarged and exhibited features of the Yersin 
type of inoculation tuberculosis. 

Although Jensen, Lester, and Tolderlund presented evidence that 
the organism studied had characteristics significantly like those of the 
avian tubercle bacillus, they expressed the desirability of obtaining, if 
possible, additional material from tliis case, in order to establish more 
firmly the relationship of the acid-fast organism to the morbid process 
in the patient. 

Recently (1946) , there has been reported by Bradbury and Young*® 
a case of pulmonary tuberculosis in a man in which an organism typ- 
ically like the a\’ian tubercle bacillus was obtained on several occa- 
sions. This case was well studied bacteriologically, and the data ob- 
tained constitute adequate support for the conclusion that the organ- 
ism studied was, in fact, an avian tubercle bacillus. 

Tlie patient was a man fifty-nine years of age, who first presented 
himself for medical care because of hemoptysis. Examination re- 
vealed a few rdles in the upper apex of the right lung, with some roent- 
genographic opacity of the region. The patient was sensitive to avian 
tuberculin administered intracutaneously, but not to human tubercu- 
lin injected similarly. During the next fifteen months, cultures with 
the characteristics of avian tubercle bacilli were isolated from speci- 
mens of sputum on three different occasions. 

The disease slowly progressed and, three years after the patient was 
first observed, there were considerable productive cough, dyspnea, and 
P 3 rrexia, and large cavities were roentgenographically demonstrable in 
the right lung. 

Two of the cultures were subjected to tests for pathogenicity. Both 
cultures proved incapable of inducing a progressive disease in guinea 
pigs inoculated with 0.1 mg. of the bacteria subcutaneously. The 
guinea pigs were kept under observation for more than fourteen months 
after they had been inoculated. They were essentially devoid of signs 
of tuberculosis at necropsy. Rabbits were inoculated witli 0.01 mg. 
and with 0.001 mg. of the culttires, respectively, and the same amoimts 
were used to inoculate chickens. The inoculations were made intra- 
venously. The cultures proved to be definitely pathogenic for both 
species of animals, producing a progressive, widely disseminated tuber- 
culosis similar to that expected following the intravenous inoculation 
of rabbits and chickens with tubercle bacilli of the a\'ian type. 

The failure, in this case, to demonstrate mammalian tubercle bacilli, 
and the isolation from the sputum, on three separate occasions, of acid- 
fast bacilli with the pathogenic features of avian tubercle bacilli, pro- 
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vide reasonable proof that tubercle bacilli of the avian type were re- 
sponsible for the infectious process. In discussing the possible source 
of the infection, Bradbuiy and Young brought out the fact that, for at 
least thirty years, the patient had consumed one or more raw eggs daily 
in milk. That this fact provides a possible source of the infection is 
true, although it is obvious that the evidence is purely presumptive. 

In laboratories where a considerable number of clinical specimens 
are examined routinely for the presence of tubercle bacilli, occasionally 
there is encoimtered material from which acid-fast bacillary forms 
can be isolated by culture, but which fails to produce inoculation tuber- 
culosis in guinea pigs. Extensive studies have been made of a few 
such strains of acid-fast bacteria which, while having many of the 
physical and antigenic attributes of the bacillus of avian tuberculosis, 
have been devoid of certain essential pathogenic requirements to quali- 
fy definitely as avian tubercle bacilli. 

It is important that the existence of such strains of mycobacteria be 
recognized and, when encountered, they should be subjected to proper 
tests of pathogenicity. 

Brief accounts follow of two cases studied in my laboratory, in 
which preliminary studies strongly suggested the avian tubercle ba- 
cillus. 

Case 3. The patient was a man in the sixth decade of life. He had 
been an underground miner for twenty-five years prior to his illness. 
Roentgenographically, his condition was diagnosed as advanced bilat- 
eral silicotuberculosis.* Although specimens of sputum contained 
acid-fast bacilli, the sputum failed, on a large number of occasions, to 
produce tuberculosis in guinea pigs. It is of interest to note that, 
although opportunities for the transmission of the infection to members 
of the patient’s family were favorable, the patient’s wife and six of his 
ten children tested failed to react to tuberculin, and his wife and seven 
of his children, available for examination, had nonnal roentgenograms 
of the thorax. 

The cultures obtained from the sputum, on several occasions over a 
period of a year, sensitized guinea pigs, rabbits, and chickens to artan 
tuberculin and, less consistently, to mammalian tuberculin. None of 
the cultures was pathogenic for guinea pigs, but they did have a rela- 
tively low pathogenicity for rabbits. The cultures were used in 0.1 
mg. doses to inoculate eight chickens intravenously, and eight chickens 
intramuscularly. With one exception, none of the chickens inoculated 


This case has been reported previousl7**’ 



498 


ANNALS NEW YORK ACADEMY OF SCIENCES 


intravenously had lesions of progivasive tuberculosis at necropsy. Fol- 
lowing intramuscular inoculation, in some instances, there occurred a 
local destructive process, but the infective agent was incapable of pro- 
ducing a progressively fatal disease in the liver and spleen, which 
would have been expected if fully virulent anan tubercle bacilli con- 
stituted the inoculum. 

It was concluded that the organism isolated from the sputum of the 
patient had sufficient significant characteristics to indicate a close rela- 
tionship to the a^'ian tubercle bacillus. However, the results of the 
tests of pathogenicity indicated definitely that the organism lacked the 
virulence for rabbits and chickens necessary to qualify fully as the 
bacillus of avian tuberculosis. 

It might be arguetl that the requirements necessary to qualify as an 
avian tubercle bacillus are too severe, and that the organisms obtained 
from the sputum wore, in fact, tubercle bacilli of the avian type which, 
through prolonged residence in a foreign host, had undergone a diminu- 
tion of virulence for the natural host and for rabbits. This explana- 
tion may be entu-ely tenable but is, likewise, pm‘ely speculative in char- 
acter. Until there is convincing information to the contrary, the diag- 
nosis of avian tuberculosis infections in foreign hosts must be based on 
the degree of virulence for chickens and for rabbits. 

Case 4* The patient was a thirty-six year old man, who had 
worked for some time prior to his illness at a meat-packing establish- 
ment. He had been sick for about three years before being admitted 
to a tuberculosis sanatorium. During this period, he had had pneu- 
monia on four separate occasions and had lost 41 pounds (18.6 kg.) . 
Four roentgenograms of the thorax were taken prior to admission to 
the sanatorium, none of which disclosed pulmonary tuberculosis. One 
week before he entered the sanatorium, acid-fast bacilli were found in 
the sputum by direct smears. 

On admission to the sanatorium, the patient had a productive cough 
with bloody expectoration. A roentgenogram of the thorax showed a 
bilateral infiltrative process extending out from the hilus, with a small 
cavity in the upper portion of the right lung. His disease was diag- 
nosed as far advanced pulmonary tuberculosis. He remained in the 
sanatorium for ten months. On discharge, his general condition was 
but sli^tly improved. During his stay at the sanatorium he raised 
abundant sputum, from which cultures of acid-fast bacilli were ob- 
tained on five different occasions. However, the sputum failed re- 

• To be reported In more detail, elsewhere. 
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peatedly to produce tuberculosis in guinea pigs. The patient died 
twenty-seven montlis after leaving the sanatorium. 

The cultural characteristics of the organism obtained from the 
sputum were definitely unlike those of mammalian tubercle bacilli. 
It grew readily, was nonchromogenic in slants, except after prolonged 
incubation, was soft and unctuous in consistency, and had a high de- 
gree of miscibility in physiologic solution of sodium chloride. The 
physical attributes of the organism were similar in all essential fea- 
tm’es to those of the organism of avian tuberculosis. Also of some 

TiWLsS 

SuMMAET OP Tbssts OP Pathoobnicitt OF Twbntt-five Dat OtD Obioinal 
I soLAnoir CvLTUKB PBOM PiBST Sfechmek OF Sfutum. ]^gh Akimal 
WAS Ikogulatbd with 0.1 MO. OP Bactbbial ^lls (Case 4)'*' 


An nal 

Route 

of 

Sensitivity to 
tuberculin 

Days from 
inoculation 

Results 


inoculation 

Avian 

Human 

to death 


Guinea pig I 

Subcutaneous 

+ 

- 

Killed 56 

Tuberculosis 

absent 

Guinea pig 2 

Subcutaneous 

+ 

— 

Killed 56 

Tuberculosih 

absent 

Rabbit 1 

Intravenous 

Not 

done 

Not 

done 

Died 20 

Tuberculosis, 
Yersin type 

Rabbit 2 

Intravenous 

Not 

done 

Not 

done 

Died 22 

Tuberculosis, 
Yersin type 

Chicken 1 

Intravenous 

Not 

done 

Not 

done 

Died 24 

Tuberculosis, 
Yersin type 

Chicken 2 

Intravenous 

Not 

done 

Not 

done 

Died 28 

Tuberculosis, 
Yersin type 


* Cultures of aoid-fast bacilli, «iTni]n.r to the coZture used to inoculate the anfmalR, were re- 
covered from the spleens of the respective rabbits and chickens. 


interest is the facst that a tuberculin made from the culture obtained 
from the first specimen of sputum proved as effective as standard avian 
tuberculin in eliciting a tuberculin reaction in a large flock of chickens 
that had naturally acquired tuberculosis. 

The respective cultures obtained from the different specimens of 
sputum were subjected to tests of vii’ulence with results that are con- 
fusing. As may be noted in table 5, the original culture obtained 
from tile first specimen of sputum was strikingly pathogenic for rab- 
bits and for chickens, but failed to produce tuberculosis in guinea pigs. 
However, when the fourth subculture of the organism was tested, in 
vivo, seven months later, the results in chickens and rabbits were es- 
sentially negative. Likewise, cultures from the second specimen of 
sputum were non-virulent for guinea pigs, rabbits, and chickens. The 
culture obtained from the fifth sputum, while avirulent for guinea pigs, 
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had at least a limited virulence for rabbits and chickens, and the or- 
ganism was recovered from the infected tissues. 

Cultures from sputum specimens 3 and 4 were too incompletely 
studied to warrant conclusions. The summary of the tests of viru- 
lence of the various cultures obtained from this case is shown in 
tablbO. 


Table S 

SoMMABT or Besulis of Tests of VmuLEKCE of Cultubes Obtained fbom 
SPE aMENS or Sputum Obtained on Five Diffebent Occasions (case 4)* 


Sputum 

1 

Pathogenicity of cultures 

Organism recovered 

Guinea 

pigs 

Rabbits 

Chickens 

Specimen 

i 

Culture 

A 

B 

A 

B 

A 

B 

Guinea pigs 

Rabbits 

Chickens 

1 

+ 

B 

B 

+ 

+ 

+ 

+ 


•f 


It 

-f 

B 



— 

— 



+ 


2 






— 

— 





3 

+t 


0 

0 

0 

— 



0 


4 

+ 1 


0 

0 

0 

0 

El 


0 


5 

+ 

B 

B 

+ 

— 

+ 

— 

0 

+ 

+ 


The erplaaation of the eymbola is as follows; minoa sicn — tuberculosis abseut; plus sigo = 
progressive tuber^osis present; '‘ssero’* indicates that the procedure was not done. 

t Fourth subculture of (Moronisms obtained from specimen le Test for virulence approximately 
seven months subsequent to first teht. 

JTwo chickens were also moculated with untreated sputum from patiait. The results were 
native. 

From this case, we have evidence of the presence, in the sputum, of 
an acid-fast bacillary organism that has many of the characteristics of 
the avian tubercle bacilli. Its physical characters, its manner of 
growth, and its ability to produce a tuberculin that was as effective as 
standard avian tuberculin in detecting tuberculosis in naturally infected 
chickens, are impressive facts in support of the organism being the 
bacillus of avian tuberculosis. Furthermore, the failure of the or- 
ganism to produce inoculation tuberculosis in guinea pigs is unlike what 
would be true if the organism were a genuine mammalian tubercle 
bacillus. However, the inconsistency of the tests of virulence for 
chickens and rabbits is quite inexplicable, and provides reasons for 
definite reser\^ations concerning the true character of the organism 
studied. 

The possibility of infection of man by the organism of avian tuber- 
culosis must be recognized, but it should be emphasized that the patho- 
genicity of this type of the tubercle bacillus, for the vast majority of 
human beings, is practically nil. That an occasional infection in man 
may, and probably does, occur, seems to be true; but in comparison 
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with the virulence of the human and bovine types of the tubercle ba- 
cillus for man, information available at the present time indicates that 
the avian type is practically without significance.* 

Investigators should not, however, consider the question settled and 
sliould subject suspected material to procedures that will elicit results 
that can be interpreted with confidence. Every case of disease resem- 
bling tuberculosis, material from which fails to produce progressive 
tuberculous infection in guinea pigs, should be further investigated to 
exclude the possible presence of the bacilli of avian tuberculosis. The 
extreme rarity of infections of human beinp with avian tubercle ba- 
cilli, and the skepticism of many who doubt that such infection ever 
occurs, make it exceedingly important that every alleged case be firmly 
established by convincing data. To establish the bacillary type of 
some strains of Mycobacterium tuberculosis is not a simple matter, and 
extensive studies are frequently necessary to determine definitely that 
a given strain is, or is not, one of tlie commonly accepted types. While 
several factors are of importance in the type identification of tubercle 
bacilli, the most convincing evidence is obtained from properly con- 
ducted tests of pathogenicity.f 

COMMENT 

While it is generally recognized that there exist three types of tu- 
bercle bacilli, the ability 6f each of the three types to produce pro- 
gressive tuberculosis in certain heterologous hosts is not well appre- 
ciated. If this fact is fully understood and its importance completely 
realized, the necessity of a comprehensive plan of control and eradica- 
tion of tuberculosis becomes e\'ident. Ideally, the goal should be the 
elinaination of tuberculous infections from ail species. 

From a public health point of view, tuberculous cattle constitute the 
most important animal source for tubercle bacilli that are virulent for 
man. In the United States, bovine tuberculosis has been reduced to a 
very satisfactory level; yet, so long as a single focus of infection re- 
mains, there exist the essentials necessary for the dissemination of the 
infection. The attack against the tubercle bacillus, in all species, must 
be prosecuted with vigor and without compromise. An attitude of 
complacency, or one in which satisfaction with past achievements takes 
precedence over the importance of the task yet to be done, will defeat 
any plan of approach, no matter how adequate it may appear to be. 

♦ The question of the possible relation of Hodgrkin’s disease to avian tubercu- 
losis infection has been discussed by Peldman,® and by Blclu® 

t Requirements for a diagnosis of avian tuberculosis Infections m man are 
outlined also by Bloh.® 
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I'hc possibility of the occurrence in human beings of tubercle ba- 
(*illi with many of the important characteristics of avian tubercle ba- 
cilli should be recognized. However, such organisms must be distin- 
guished by proper tests of pathogenicity from saprophytic acid-fast 
bacteria and from atypical strains of mammalian tubercle bacilli. 
Even though true avian tubercle bacilli are obtained from materials 
of human origin, one should be cautious in assuming that the organism 
obtained was actually responsible for the morbid process in which it 
occurred. Human beings have a high resistance to the organism of 
chicken tuberculosis, and every alleged case of avian tuberculous in- 
fection in man must be established by convincing evidence. 

Finally, it is appropriate to emphasize that the remarkable achieve- 
ment of the veterinary profession, in practically eliminating tubercu- 
losis from cattle in the United States, constitutes a notable example for 
the guidance of physicians who are concerned with eliminating tuber- 
culosis from human beings. The problem must be attacked nationally, 
as is now the case, with vigor and with the thought ever in mind that 
tuberculosis is a highly contagious disease. Those who have the dis- 
ease in the contagious phase must be segregated from those who are not 
infected. 
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ANTHRAX IN ANIMALS AND ITS RELATIONSHIP 
TO THE DISEASE IN MAN 

By C. D. Stein 

Pathol(^ical Divinion, Bureau of Ardmal Industry, Agricultural Research 
Administration, V. S. Department of Agriculture, Washington, D. C. 

The anthrax problem has been the subject of long and serious study 
in many parts of the world. Although considerable knowledge has 
been gained in combating the disease, many points in connection with 
the biology of the organism, both in nature and in the animal body, 
still remain unsolved. 

This paper will be devoted, chiefly, to a discussion of the disease in 
livestock and its transmission to man, and will not deal with other 
aspects of the anthrax problem. 

Anthrax is recognized as one of the oldest and most destructive dis- 
eases of animals recorded in history. Before the disease was known 
to be of an infectious nature, and before proper measures were taken 
to control it, the malady was prevalent in many parts of the world. 
It took a heavy toll among human beings and caused great losses of 
livestock in many countries. From an economic and public-health 
standpoint, it is still one of the most serious problems with which live- 
stock sanitary officials have to deal. 

Anthrax was the first of all infectious diseases of both man and the 
lower animals in which the causative agent was definitely demonstrated 
as a specific microorganism (by Koch, in 1876).^ It constituted the 
principal subject for study by the early investigators who laid the 
groundwork for the modem science of bacteriology. It was, likewise, 
one of the first infectious diseases against which a bacterial vaccine 
was found to be an effective means of prophylaxis (by Pasteur, in 
1881).* 

Anthrax has a world-wide distribution. It exists in certain areas on 
all the continents, and occurs from the tropics to the polar regions. 
Although the incidence of the disease in livestock in some countries 
has been greatly reduced by rigid enforcement of adequate control 
measures, it is still prevalent in many parts of the world. 

The world-wide distribution of anthrax and the difficulty encoun- 
tered in suppressing it are not surprising, when the marvelous tenacity 
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of the anthrax spore, the long life of the organism in the soil, and the 
persistence of the infection in animal products and other material con- 
taminated with it are considered. 

HISTORY OF ANTHRAX IN LIVESTOCK 

The early history of anthrax in livestock in the United States is 
rather obscure. The presumption is that it was implanted in the Rio 
Grande Valley and Mississippi Delta by explorers and primitive 
settlers from the Old World. In Louisiana, it has been traced back to 
the time of its settlement by the French. Widespread outbreaks in 
livestock and cases in man are recorded as early as 1835, and later in 
1851 and 1884. The first cases in man recorded in the United States 
occurred in 1834, during outbreaks in livestock in Peimsylvania in the 
vicinity of Philadelphia. Outbreaks in Mississippi are reported to 
have occurred as early as 1836, and later in 1865, 1867, and 1868. In 
Texas, outbreaks are recorded as early as 1860, and later in 1880 and 
1887. Outbreaks in New York were recorded in 1881, 1884 and 1887; 
in Vermont and Massachusetts in 1887, and in California in 1888 and 
1889. Infected areas still exist in most of these States. 

INCIDENCE OF ANTHRAX IN LIVESTOCK IN THE 
UNITED STATES 

The overall picture of the anthrax situation in livestock in the United 
States during the 30-year period from 1915 to 1944, as determined by a 
recent Bureau survey shows a gradual increase in territory involved. 
Outbreaks in livestock during that period were reported from at least 
43 States, involving a total of 438 counties. The five States that have 
not reported outbreaks are Arizona, Indiana, Maine, Michigan, and 
West Virginia. (See figure 1 ) . 

During the past decade, one or more widespread outbreaks of viru- 
lent nature occurred in South Dakota, Nebraska, Mississippi, Louisi- 
ana, Texas, and California, while sharp outbreaks of a less severe 
nature occurred in Arkansas, Alabama, New Mexico, and Nevada. 
Numerous sporadic outbreaks occurred in other States. Since 1937, 
there has been a steady decline in outbreaks in the northwest anthrax 
area of South Dakota, Nebraska, Minnesota, and Iowa. ■ 

Recognized areas of infection of large dimensiops exist in South Da- 
kota, Nebraska, Arkansas, Mississippi, Louisiana, Texas, and Cali- 
fornia, while small areas exist in Vermont, New Jersey, Delaware, 
Wisconsin, Utah, Nevada, and Oregon. 
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During the period from 1939 to 1941, at least four outbreaks of an- 
thrax in minkeries and a severe outbreak in a zoological park were 
reported from widely separated areas. 

DISSEMINATION OF ANTHRAX 

Anthrax is spread from one country to another principally through 
infected animals and the interchange of infected objects closely asso- 
ciated with animal life, such as hides, hair, wool, bonemeal, fertilizer, 
forage, and other materials. 

When anthrax is once established in an area, it may spread to ad- 
joining localities and even to distant points: (1) by contamination of 
soil, drinking water, and pasture plants with discharges of diseased 
animals; (2) by dogs, coyotes, and other carnivores; (3) by carrion- 
eating animals and birds, especially buzzards; (4) by flies and pos- 
sibly other types of insects; and (5) by streams contaminated with 
surface drainage from anthrax-infected soil and tannery wastes (fig- 
UBB 1), 


CAUSATIVE AGENT 

BaciUica anthracis, which is the specific cause of anthrax, is a nun- 
motile, gram-positive, spore-bearing rod, possessing certain properties 
that make it one of the most unique pathogenic microorganisms en- 
coimtered in nature. In certain areas, especially those subject to 
periodic flooding, in low-lying marshy land, or in soils that are rich in 
decomposed vegetable or animal remains, the germ is indigenous to 
the soil and survives in it for long periods. The organisms possess a 
hi^ degree of virulence and, when they gain access to the animal 
body, they multiply rapidly, invade the blood stream, and produce 
septicemia. 

When exposed to adverse conditions in the presence of oxygen, the 
bacilli form spores which, on account of their remarkable tenacity, are 
of great hygienic importance. They are very resistant to heat, low 
temperatures, chemical disinfectants, and prolonged drying. The ba- 
cilli themselves, however, show very little resistance to heat and dry- 
ing. The bacilli, when suitably stained, show capsules in the blood 
smears made from animals dead of the disease, but no sporulation oc- 
curs in the unopened carcass. 

The bacillus grows best at 37° C. Little or no development occurs 
under 12° C. to 14° C., or above 43° to 45° C. In the presence of 
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oxygen, sponilation occurs best at 25° to 30° C. Little or no sporu- 
lation occurs below 18° C. 

Numerous instances are on record to show that spores retain their 
\dability in the soil, in water, on hides, and in storage, for many years. 

Considerable information on the tenacity and characteristics of 
Baallus anthmcib and its spores was obtained by Bureau investigators 
in recent studies.^"" Diy anthrax spore& were killed by diy heat, at 
149° to 150° C. in 60 minutes, but not in 30 minutes. Spore suspensions 
in difatilled water were destroyed in 3 to 5 minutes, by vigorous boiling; 
in 5 to 15 minutes at 100° to 101° C., in the Arnold sterilizer; and in 
5 to 15 minutes, in the autoclave at 15 pounds pressure (120° C.); 
while several strains resisted heating at 90° to 91° C. for 60 minutes. 

Diy' spores, contained in dried blood swabs from field cases, held in 
glass vials at room temperature of 25° to 30° C., were both viable and 
vii*ulent alter storage from 6 to 8 years. 

Vegetative forms of Bacillus anthracis, in infected guinea pig blood, 
when suspended in normal saline in high dilutions (2 to 5 per cent) ,were 
destroyed by 4 to 18 successive, rapid shell freezings at — 72° C. to 
— 78° C. and thawing at 37° C. Twenty-four hour broth cultures, 
containing sporulating forms, losisted the same treatment for 30 suc- 
cessive times, wdiile suspensions of spores in normal saline resisted the 
treatment for 45 consecutive times. 

Viable anthrax spores were recovered from the vapors of heated an- 
thrax spore suspensions, and from the distillate of anthrax-spore sus- 
pensions. 

In experiments carried out to determine the survival time of Bacillus 
anthracis in guinea pigs dead of anthrax and in anthi'ax tissue, it was 
shown that in unopened carcasses held at room temperature (28° C. to 
30° C ) for 80 hours, B, anthracis could not be demonstrated or iso- 
lated from the blood or tissue; while in unopened carcass held in the 
ice box at 5° to 10° C., decomposition occurs at a slow rate, and the 
anthrax organisms die off slowly, so that they may still be recovered 
after 4 weeks' storage. 

These experiments seem to indicate that, in the unopened carcasses 
of animals dead of anthrax during the hot months of summer, the an- 
thrax organism is destroyed by putrefactive bacteria in a short time (3 
to 4 days) , whereas in animals dying during the winter months, B. an- 
thracis may persist in the blood and tissues of such carcasses for at 
least 4 weeks. 

It was also shown that, if carcasses of guinea pigs dead of anthrax, 
held at room temperature, are opened before decomposition sets in, 
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the vegetative forms will sporulatc and persist in some of the tissues 
for weeks or months. 

During these experiments, anthrax was isolated from decomposing 
bone and muscle tissue which was collected from guinea pigs a short 
time after they had died of anthrax, and which had been stored for 
more than 6 months at room temperature. 

ANIMALS SUSCEPTIBLE 

Virtually all animals are in some degree susceptible to anthrax. 
Cattle, horses, sheep, goats, and the wild herbivores are most com- 
monly affected. Omnivora (man and swine ) possess a greater natural 
resistance to the disease. Under certain conditions, carnivora <dogs, 
cats, and wild animals of prey), birds, frogs, and toads may become 
infected. Mice, guinea pigs, and rabbits, w’hich are commonly used 
in the laboratory diagnosis of anthrax, are very susceptible, wiiile rats 
are less so. 

Infection in cattle, horses, mules, sheep, and goats usually is the 
result of grazing on infected pasture land. Infection may also be 
caused by feeding contaminated fodder or artificial foodstuffs, such as 
bonemeal, fish meal, oil cake, and tankage; by drinking from contami- 
nated pools; or by the bites of contaminated fiics. Dogs, cats, and 
other carnivores usually acquire the infection from consumption of in- 
fected meat. 

In the United States, anthrax occurs in epizootic form in regions in 
wdiich the soil is knowm to be seriously infected. How^ever, it may 
occui’, sporadically, anywdiere at any time and thus may appear wdiere 
previously not identified or \Yhcre it has been quiescent for a long 
period. 

Since anthrax is essentially a soil infection, it is more or less con- 
fined to areas commonly designated as “anthrax districts. In such 
districts, it constitutes a perennial problem, making its appearance 
during a definite period knowm as the anthrax season, usually late 
summer and early fall w’hen grazing is closer, due to scanty pasturage, 
and w’hen flies are very numerous. In such areas, the disease can be 
kept in check by preseasonal vaccination wdth appropriate types of 
immunizing agents. 

During some years, losses from the disease in anthrax districts may 
be comparatively light, while in other years the disease assumes a 
very \drulent form, appearing simultaneously at a number of places 
and spreading rapidly to new areas, causing hea^^^ losses of livestock 
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and assuming the proportions of a major outbreak. The cause of these 
fluctuations is not definitely known. While hea\'y rains and floods, 
followed by dry periods and extreme heat, together with abundance of 
flies, no doubt play a part in the cause and rapid spread of these epi- 
zootics, it is generally believed that the factor most responsible is a 
relaxation in preventive measures, brought about by the false sense of 
security which stock owners gradually acquire during periods when 
few, if any, outbreaks occur. 

OCCURRENCE OF ANTHRAX IN LIVESTOCK 

Although anthrax in livestock, in the United States, is principally 
confined to cattle, outbreaks in horses, mules, sheep, and swine are also 
encountered in about the order mentioned, especially in areas where 
large numbers of these animals are maintained. Outbreaks in goats 
and deer have been reported from Texas. In all the abovementioned 
animals, the disease is most often acquired through infected feed. 

Outbreaks in animals in captivity and cases in farm dogs and cats 
are occasionally observed, due to eating infected meat. 

Symptoms and Lesions 

Anthrax may occur in a peracute, acute, subacute, or chronic form. 
The peracute form is most common in cattle, sheep, and goats, occur- 
ring at the beginning of an outbreak. It is characterized by its sudden 
onset and rapidly fatal course. Victims are frequently found dead 
without showing any previous evidence of disease. 

In the acute and subacute forms, there is, first, excitement, follow^ 
by depression, spasms, respiratory or cardiac distress, trembling, stag- 
gering, convulsions, and death. During the course of the disease, 
pregnant animals may abort, rumination ceases, and the milk secre- 
tion is reduced. Bloody discharges may emanate from the natural 
body openings, and edematous swellings may appear on different parts 
of the body. The acute form usually terminates in death in a day or 
two, while the subacute form may lead to death in 3 to 5 days or 
longer, or to complete recovery after several days. These tjT)es of the 
disease are common in cattle, horses, and sheep (plate 3 A and B) . 

Chronic anthrax occurs mostly in swine, affecting the mesenteric 
and submaxillary lymph glands, and is usually recognized only on 
post-mortem examination. 

In horses and mules, the first indication of the disease may be severe 
colicky symptoms, accompanied by high temperature, chills, loss of 
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appetite, extreme depression, muscular weakness, and the passage of 
blood-stained feces. Hot, painful, and rapidly progressing swellings 
frequently develop over the body, especially about the neck and lower 
abdomen. 

In sheep and goats, anthrax occurs most often in the peracute form. 
-In these animals, symptoms of unsteady gait, trembling, restlessness, 
diflBcult breathing, blood discharges from the natural body openings, 
and comnilsions may be observed, preceding death. 

When infection in hogs follows feeding on an anthrax-infected car- 
cass, some of the animals may be found dead without having shown 
any previous signs of illness. Others of the group may show symp- 
toms of illness, with rapidly progressing swellings about the throat 
which, in some cases, cause death by suffocation. A relatively large 
percentage of the group may become visibly sick for a few days, witli 
or without moderate swellings about the throat, and recover. 

Dogs are affected chiefly with pharyngeal anthrax or anthrax of tlic 
tongue, in which swelling may occur about the head and the throat. 
Anthrax of the intestines also occm-s in dogs, manifested as a severe 
gastroenteritis. 

Carcasses of animals dead of anthrax decompose rapidly and soon 
become greatly bloated. The blood is considerably darker than nor- 
mal, does not clot readily, and is frequently spoken of as being tarry. 
Hemorrhages beneath the skin are common. Clear or somjewhat blood- 
tinged gelatinous exudates are found between the muscles and beneath 
the skin, especially in the areas where the swellings were seen before 
death. 

^ The spleen usually shows characteristic changes, which are of consid- 
erable assistance in making a diagnosis of anthrax. This organ is 
greatly enlarged, and the splenic pulp is dark red to blackish in color 
and soft or even semi-fluid in consistency. It may have the appearance 
of blackberry jam. The liver, kidneys, and lymph glands are usually 
congested and enlarged and show areas of hemorrhage (plate 3C) . 

DIAGNOSIS 

Areas used for pasture in known anthrax districts should be under 
close observation for evidence of the disease. When animals die on 
or near premises where the disease has appeared previously, it is very 
important to know definitely whether death was due to anthrax. 
Lack of such information may be responsible for heavy losses of live- 
stock and, at times, the loss of human lives. Any previous occurrence 
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of anthrax on the premises is sufficient reason for considering anthrax 
as a possible cause of any deaths among livestock that cannot be clearly 
attributed to other causes. 

An early positive diagnosis of antlirax is helpful in preventing fur- 
ther spread of the disease, while failure to diagnose it may have unfor- 
tunate consequences. The laboratory examination of specimens for 
the presence of anthi’ax on which final and conclusive diagnosis is 
based, therefore entails a grave responsibility and, to preclude the pos- 
sibility of error, should be performed with care. 

While some veterinarians and laboratory workers consider that an- 
thrax can be diagnosed easily and quickly by microscopic examination, 
experience has shown that it is hazardous to base a diagnosis entirely 
upon examination of blood smeai’s. Many organisms, particularly 
those found in specimens uiwlergoing putrefaction, may be confused 
morphologically witli Bacilkis anthracis and, even though the micro- 
scopic picture appears conclusive, it should always be checked by botli 
cultural and laboratory-animal inoculation tests, to guard against pos- 
sible error in diagnosis. It is a general policy in the Bureau's labora- 
tories to make a i)ositive diagnosis of anthrax only when a tentative 
diagnosis based on microscopic examination and cultural tests is sup- 
plemented by positive animal inoculation tests. By the simultaneous 
use of these three methods, a positive diagnosis of anthrax was made 
in more than 200 outbreaks. 

It should be pointed out that cultural tests for anthrax, on speci- 
mens or materials contaminated with (ll rapidly growing organisms 
of the spreader type, (2) organisms especially antagonistic to anthrax, 
or (3) anthrax-like organisms, may frequently miscaiTy. Differen- 
tiation of Bacillus anthracis from anthrax-like organisms is shown in 
TABLE 1. 

Importance of Submitting Suitable Material for Examination 

In order to insure a quick, conclusive, and reliable examination, it is 
highly essential that suitable specimens be properly collected and pre- 
pared for shipment, so as to reach the laboratory in satisfactory con- 
dition. Witli fresh specimens, laboratory workers who have had con- 
siderable experience with the disease encounter little or no difficulty 
in making a tentative diagnosis on preliminary microsebpio examina- 
tion and culture tests, which usually can be confiimed within 48 hours 
by laboratory-animal inoculation tests. 

Long experience in laboratory diagnosis of anthrax has demonstrated 
that the most satisfactory material for examination, when shipped 
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* Charactensties given are those common to most strains 
t Most strains acid -positive. 
t Some stramv ver^' flight hemol^'sis. 
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great distances, consists of blood which has been collected on swabs, 
blotting paper, or glass slides, and which has been allowed to dry and 
therefore sporulate. Since opening an anthrax carcass promotes the 
formation of anthrax spores, is apt to establish a soil infection, and in- 
creases greatly the danger of spreading the infection, 'post-mortem 
examinations for diagnosis and obtaining specimens, which are ex- 
tremely hazardous to the operator, should not be performed. For ex- 
ample, the history connected with at least three recent, suspected cases 
of anthrax in cattle, where a positive diagnosis was made in this labora- 
tory, indicates that the infection was transmitted to individuals who 
failed to take the necessary precautions to prevent infecting them- 
selves, while performing post-mortem examinations. 

Laboratory Examination 

Since the time element is an important factor in anthrax diagnosis, 
specimens should receive prompt attention. As a preliminary step, 
smear preparations are first made from the blood, spleen, swabs, or 
other material submitted. A microscopic examination is immediately 
made of the smear preparations, after fixing and staining with methy- 
lene blue or other suitable stain. The organisms appear as straight, 
encapsulated, square-ended rods in short chains, end to end, or often 
singly or in pairs. 

In microscopic examination of stained smears prepared from dry 
material such as blood or spleen material on swabs, disintegrated or- 
ganisms, shadow forms, sporulating organisms, or the small, oval- 
shaped, refractile spores in chain formation, singly or in pairs, may be 
observed (plate 6 (1)). 

If microscopic examination indicates little or no contamination with 
organisms other than anthrax, saline suspensions are made from the 
material, and a few drops are inoculated on the surface of a series of 
hardened, plain agar plates, pH 7.2, with a platinum spreader. The 
plates are incubated at 37.5° C. overnight, or for about 18 hours. One 
who is familiar with the appearance of anthrax colonies isolated direct 
from blood or spleen material can usually determine, by examination 
with a hand lens, whether dr not the colonies are characteristic of an- 
.thrax. Such colonies, after 18 hours’ incubation, are small and irreg- 
ular in shape, many of them showing projections or curved tails. They 
are grayish-white, fiat, dry, granular, with a sort of ground-glass ap- 
pearance, especially at the margins, and with a tou^, stringy con- 
sistency (plate 6 (2) ) . When examined under low magnification, they 
appear as a mass of closely twisted threads resembling bundles of wavy 
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hair witii a dense center and a lighter, wavy margin. Under higher 
magnification, the margin of the colony shows the continuous convo- 
luted parallel arrangement of closely packed, long chains of bacteria, 
giving the so-called haii’ lock appearance characteristic of colonies re- 
cently isolated direct from fresh blood specimens (plate 7 ). 

On the day specimens are received, at least two guinea pigs are sub- 
cutaneously inoculated with the saline suspensions made from the 
specimen. If the material contains anthrax, the guinea pigs usually 
die in 36 to 72 hours and show characteristic lesions, such as subcu- 
taneous edema in the area of inoculation, dark-colored uncoagulated 
blood, an enlarged, dark-colored, friable spleen, and a congested, ma- 
hogany-colored liver. The organism can be recovered readily from 
the blood of the dead guinea pigs, and microscopic examination of 
heart blood smears reveals organisms occurring singly or in short 
chains with the typical morphology of anthrax. In spleen smears, the 
organisms usually occur in longer chains. 

Recommended Control Measures in Outbreaks 

The suddenness with which anthrax strikes, the heavy toll it takes 
of livestock, its transmission to man, the long life of the infection in the 
soil, and the many ways by which the disease may be spread, make 
the problem of control a common cause to which all livestock sanitary 
officials, local veterinarians, public health officials, and livestock owners 
should contribute. The effective control of anthrax in livestock re- 
quires the combined action of all the.«e. 

When a diagnosis of anthrax has been made, the following measures 
are generally recognized as the most effective means of control: 

(1) The prompt and proper disposal, either by complete burning or 
by deep bmial, of animals dead of the disease, together with all the 
manure, bedding, blood-stained soil, and other contaminated material. 

(2) A careful examination of tlie herd for animals showing early 
symptoms of the disease, the prompt isolation of sick animals, and im- 
mediate treatment with large doses of anti-anthrax serum. 

(3) Vaccination of the apparently well animals in the herd as 
soon as possible, for prevention, in accordance with methods recom- 
mended by the State livestock sanitary officials and other experienced- 
veterinarians. 

(4) Immediate change of pastures if practicable. This precaution 
in itself has, in many instances, helped to reduce losses. If the out- 
break occurs during the fly season, it is best to move the herd at 
night, so that most of the infection-cai'rying flies will be left behind. 
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(5) A strict quarantine of premises, rigidly enforced, so as to pro- 
hibit the movement of livestock or other commodities of a contraband 
nature from or into tlie infected area. 

When an outbreak of anthrax occurs in a dairy herd, the dairy 
should be placed under strict quarantine, and all milk should be with- 
held from distribution until the public health officials and State live- 
stock sanitary officials consider circumstances satisfactory for issuing 
a clean bill of health. Precautions should be taken to prevent the 
contamination of milking cans, mechanical milkers, buckets, and other 
dairy equipment by direct or indirect contact with diseased animals 
and their excreta. Although there appears to be little likelihood of 
direct transmission of anthrax through the milk of infected cows, a few 
instances on record indicate that anthrax bacilli may be excreted in JJie 
milk of an infected animal. Horrocks,® in 1908, reported evidence in- 
dicating that vimlent anthrax bacilli may be excreted in the milk of 
animals dying from anthrax, but that this occurs only a few hours be- 
fore death. Weidlich,® in 1934, reported the finding of anthrax or- 
ganisms in the milk secretion of a cow following infection with anthrax. 
How soon milk from dairies quarantined for anthrax can safely be 
distributed depends to a large extent on the nature of the outbreak. 
In mild outbreaks, accompanied by no unusual conditions, this problem 
has been handled with safety and satisfaction to all concerned by re- 
quiring' that a period of 10 days to 3 weeks elapse, following the ap- 
pearance of the last case, before any milk can be distributed. As an 
added precaution, and to pick out animals showing early symptoms of 
the disease, temperatures of all the cows should be taken just before 
milking. This procedure should be followed for 2 or 3 weeks, or 
until all danger of infection appears to have been eliminated. 

In the control of anthrax, prompt and effective disposal of carcasses 
is of the greatest importance. This can be accomplished either by com- 
plete cremation or by deep burial under a layer of quicklime covered 
with at least 6 feet of earth. 

In disposing of a dead animal, the following method is recommended: 
Immediately after finding the animal, cover it with kerosene or crude 
oil, to keep flies, dogs, buzzards, crows, and vermin from the carcass 
until it is removed. If conditions permit, cremate or bury the car- 
cass where it is found. 

Lye is one of the most effective of the disinfectants. To disinfect 
premises against anthrax, a 5 per cent solution is recommended. All 
places to be disinfected should be thoroughly soaked with the disin- 
fectant, which should be allowed to remain on for at least a day, and 
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should tl^gn be thorouglily washed off with clean water, before the 
livestock are returned. 

Manure from a stable in which deaths from anthrax have occurred 
should be burned or deeply buried, or, if neither is practicable, disin- 
fected with very liberal applications of a 5 per cent solution of lye. 
It is questionable, however, whether any reasonably heavy applications 
of lye solution would completely disinfect large quantities of manure. 

Thorough inspection of premises where outbreaks of anthrax have 
occurred may disclose pools or marshlands that are potential sources 
of infection. Such places, as well as parts of pasture lands known to 
be heavily infected, should be fenced off so far as practicable. 

VACCINATION 

Anthrax is one of the lew serious diseases of livestock that can be 
largely controlled by preventive vaccination. A material reduction 
and checking of the disease can be accomplished by annual vaccination 
of all stock in infected localities, well in advance of the anthrax season. 

The recognized immunizing agents now being used in the United 
States for vaccination of animals against anthrax are of two types: 
sterile products {anti-anthrax serum and anthrax bacterin), and the 
living-spore vaccines which consist of suspensions of living spores of 
different degrees of attenuation, suspended in solution containing nor- 
mal saline in combination with glycerine, saponin, or alum. 

Anti-anthrax serum is of value both as a preventive and as a thera- 
peutic agent. It produces a rapid immunity of short duration, whereas 
anthrax bacterin stimulates the production of immune bodies resulting 
in an active immunity of longer duration. Experience, however, has 
shown that living-spore vaccines, which are widely used in known in- 
fected areas, produce a higher degree of immunity than do bacterins. 

Experimental e\'idence to confirm this fact was obtained by Bureau 
investigators in immunity tests earned out with sheep.^® During the 
period from 1939 to 1945, thousands of cattle on five Indian reserva- 
tions, located in known anthrax districts, were vaccinated with spore 
vaccine by the intradermic method, under direct supervision of Bureau 
of Animal Industry veterinarians, with excellent results (see table 2). 

TREATMENT IN ANIMALS 

Homologous anti-anthrax serum is most commonly used for the 
treatment of the disease in animals. Intravenous injections of the 
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semm in large doses of 50 to 100 rc. or more, during the early stages 
of the disease, give the best results. 

The arsenicals, sulfa drugs, and penicillin, which have been used in 
human anthrax with good results, have been used only to a very limited 
extent in treating animals. 


Table 2 

Results of Comparative Potency Tests of Anthrax Biolooics on Sheep 
(6 \ acomated animals and 6 to 12 jontrols ussed m each test) 



Number of Days Intervening between 
Vaccination and Exposure 

1 

Immunity 

Biologic 

4 

16 

108 

155 

300 to 
360 

Rapidity 

Duration 


Sui viva 1 (per cent) 

product 

.Vnti-anthrax serum 
Serum and spore, 
simultaneous 

Spore vaccine No. 2 
(single injection) 
Intraoermic spore No. 2 
(single injection) 
Spore vaccine No. 2 
(in saponin) 

Bacterin (washed) 

100 

67 

67 

100 

50 

33 

50 1 

100 

67 

100 

100 

100 

83 

S3 

100 

No 

Test 

17 

50 

67 

83 1 

67 

50 

40 

100 

100 

80 

33 

++++ 

+++ 

+++ 

++++ 

+++ 

+ 

+ 

+++ 

++++ 

++ 

4- 





B 

33 
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CORRELATION BETWEEN ANTHRAX IN ANIMALS AND 
ANTHRAX IN MAN 

Although anthrax is considered to be primarily a disease of animals, 
it is transmissible to man, either directly by contact with infected ani- 
mals, or indirectly by contact with infected animal material or objects 
contaminated with the organism. Anthrax in man, therefore, is classi- 
fied either as an occupational or as a non-occupational disease, de- 
pending upon the source of infection. Occupational anthrax is re- 
ferred to as either of agricultural or industrial origin. Agricultural 
anthrax is acquired by close contact with infected animals or their 
carcasses, usually by handling, skinning, or making post-mortem 
examination. Industrial anthrax, on the other hand, is acquired by 
indirect contact, as in the manipulation of infected animal material, 
such as hides, wool, and hair. Non-occupational anthrax is acquired 
from the use of infected shaving brushes, wearing apparel, and other 
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indirect sonrcep. It is not encountered as frequently as occupational 
anthrax. 

In man, anthrax usually occurs as a primary localized infection of 
tlie skin in the form of a carbuncle, or as an infection of the lungs 
which is known as wool-sorters’ disease. In countries where the flesh 
of animals dead of disease is eaten, an abdominal form of anthi'ax has 
been reported. Skin infections result from the handling of carcasses 
of animals dead of anthrax or’ the hides, hair, or wool from such car- 
casses. During outbreaks in animals, cases in man have been re- 
peatedly reported from fly bites. The initial lesions in man are usually 
on the neck, forearm, hands, and face. Originating as localized infec- 
tions in the form of small pimples, the lesions develop rapidly and may 
terminate in a fatal septicemia or blood poisoning. Prompt medical 
attention is most important whenever anthrax infection is suspected. 
The pulmonary form of the disease results from the inhalation of 
anthrax spores in factories where hair and wool are processed. This 
form of anthrax usually mns a very rapid com’se and terminates 
fatally. Anthrax is occasionally transmitted to man by spore-infected 
shading brushes, by wearing apparel, such as furs and leather goods, 
or by other animal by-products not properly sterilized (plates 4 and 6) . 

Industrial anthrax, which is acquired principally from handling in- 
fected animal material, from foreign countries or of local origin, is 
primarily a public health problem that should be handled by adequate 
regulatory measures. 

Agricultural anthrax, which occurs mostly in rural areas, from close 
contact with infected animals, can be greatly reduced or eradicated by 
well-enforced sanitarj’ measures for the prevention and checking of 
outbreaks in animals. This is primarily a problem of the livestock 
sanitary officials. 

According to Smyth,^^- “ 2,073 cases of anthrax occurred in man, 
resulting in 377 deatlis, during the 26-year period from 1919 to 1943, 
inclusive. There was a steady increase in agricultural anthrax during 
the 20-year period from 1919 to 1938, but a definite decrease occurred 
during the 5-year period from 1939 to 1943. 

The decrease in agricultural anthrax is no doubt due, in part, to wider 
application of preventive vaccination and strict enforcement of other 
recognized control measures in some of the large anthrax districts,, in 
recent years. 

Smyth’s figures also show a higher death rate for agricultural anthrax 
than for industrial anthrax. This, we believe, may be due to the 
increased virulence of the organism from recent animal passage, heavy 
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exposure, and to delayed and inadequate medical attention in rural 
localities. 

RELATION OF ANTHRAX TO FOOD SUPPLY 

Sanitary otRcials have stressed the importance of preventing the 
transmission of anthrax to man through the consumption of meat and 
other animal products. 

While the intestinal form of anthrax has been reported from coun- 
tries where the flesh of animals dead of disease is consumed, there is 
very little likelihood of infection being acquired from meat in civilized 
countries, where stringent meat inspection regulations are enforced. 
Some element of danger, however, may exist in the meat of animals 
slaughtered in uninspected abattoirs, or in meat from local rendering 
plants used as animal food. 

The danger of infection through milk containing bacilli, as previ- 
ously mentioned, is remote, as the milk secretion usually diminishes 
greatly, and the bacilli, as a mle, ai-e present in the blood in great num- 
bers only just before death and rarely occur in the milk secretion. 

The question may also arise as to whether the meat and milk from 
vaccinated animals are dangerous. 

So far as we know, no instance has been reported to indicate that 
milk from vaccinated animals contains the organisms. However, milk 
from cows showing a marked reaction following vaccination should not 
be used until animals have returned to normal. 

Due to the fact that viable anthrax spores may persist at the site of 
inoculation for a considerable period following vaccination, the Federal 
meat inspection regulations require that carcasses of food-producing 
animals treated with spore vaccines be condemned, if slaughtered 
in less than six weeks following vaccination, or if evidences of the 
reaction to the injection remain, such as inflammation, tumefaction, or 
edema, regardless of the period of time elapsing betw'een treatment and 
inspection. 


LIVESTOCK SANITARY CONTROL 

Livestock sanitary control laws and regulations for the control of 
anthrax have been enacted in all highly civilized countries. In areas 
where the laws have been strictly enforced, such as England, France, 
Germany, sections of South Africa, and certain localities in the United 
States, there has been a marked reduction in its prevalence both in 
animals and in man. 
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In some of the States, such as Nebraska and North Dakota, rigid 
laws have recently been enacted for the specific control of anthrax. 
The Nebraska regulations, which have resulted in a marked decrease 
in outbreaks in the last 7 years, require that all animals on infected 
premises be vaccinated yearly. The steady decline in outbreaks in 
Nebraska is shown by the following figures: In 1937, there were 462 
outbreaks in 37 counties, whereas in 1943, there were only 5 outbreaks 
in 4 counties. In New Jersey and Delaware, where small areas of 
infection exist, vaccination of livestock is carried out at State expense. 
In a number of other States, livestock in infected areas are vaccinated 
annually, well in advance of the anthrax season. 

In all other infected areas, the State Livestock Sanitary Ofl5cials, 
officials of the Bureau of Animal Industry of the U. S. Department of 
Agriculture, and Livestock Sanitary Associations have emphasized the 
value of annual, preseasonal vaccination for prevention, and have 
stressed the importance of livestock owners giving full cooperation in 
checking outbreaks. These determined efforts on the part of livestock 
sanitary officials have resulted in large-scale preventive vaccination 
and better cooperation from livestock owners in anthrax areas. These 
measures have already reduced losses from the disease in livestock 
and, in turn, decreased the incidence of agricultural anthrax in man. 
A continuation of the same methods of control will undoubtedly result 
in further reduction of the incidence of the disease, in livestock and in 
man, in rural areas. 

The effective role of livestock sanitary medicine in the control of 
anthrax is well illustrated in a tabulation of figures covering outbreaks 
in the northwest anthrax area embracing South Dakota and parts of 
Nebraska, Minnesota, and Iowa. In 1937, a total of 1,592 herds in 
this area were quarantined for anthrax, whereas in 1943 only 56 herds 
were quarantined (see table 3). 

Tabld3 

Number of Heeds of Cattle Quarantined for Anthrax in the Northwest 
Anthrax Area from 1937 to 1943 



(A decrease in herds quarantined, from 1^92 in 1937 to 56 in 1943) 


Minn. 


Total 


23 

13 

0 

3 


1,692 

152 

133 

161 

177 

70 

66 
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DISCUSSION OF THE PAPER 


Dr. H. W. Schoening (Pathological Divinion, Bureau of Animal hidastry, Wash- 
ington, D. C .) : 

While anthrax ib a disease that has been studied extensively for many yeai’s, 
and methods of control liave been devtdopod that have been quite satisfactory 
imder certmn conditions, there is still much to be learned about the biology of 
the causative agent, the factom concerned in the transmission of the disease, and 
the mechanism of ininiunity that is produced. 

Anthrax is a disc'aso that causes considerable consternation when it appeal’s in 
animals. The early i*ecognilion of the disease is of extreme importance, and the 
veterinarian has a grave responsibility in properly estabiisiiing an early and 
accurate diagnosis of conditions suspected of being anthrax. This is of particular 
concern to the veterinarian, not only from the btandi)oint of pei-sonal proti'ction 
against the disease during post-mortem examination, but also in seizing lo it that 
proper si)o<*imens are collected for laboratory diagiiObi.s. 

An example of this comes to mind through an experience in our lahoratoi’5% 
hOme years ago. There had been several sudden deaths in animals, in a herd of 
<‘attle, and a veterinarian had been called in. He had conducted several post- 
mortems, had finally become suspicious of anthrax, and had l^ent specimens to 
our laboratory. Due to shipping delays, the specimens arrived m a \ eiy advanced 
stage of decomposition, and we were unable to recover anthrax organisms from 
the material. The veterinarian was so advised, and it was pointed out that de- 
composition chaises in tissues frequently destroy the anthmx oiganisms, so that 
the laboratoiy diagnosis under the circumstances could not be considered as con- 
clusive; and that additional specimens, if available, should be forwarded. Addi- 
tional samples were received that were suitable. However, before examination 
was completed, word was received that the veterinarian who had performed the 
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poHt~moriem had developed a suspicious anthmx lesion on his hand, from which 
the anthrax organism had been recovered. We subsequently recovered the an- 
thrax organism from the second lot of tissues submitted. In this case, the disease 
was diagnosed through laboratory means in man before it was actually diagnosed 
in animals. 

In certain ai-eas, and at certain times, the disease assumes epizootic proportions 
in cattle, and the disease will jump over wide areas during these epizootics, to 
such an extent as to eliminate any other mode of spread except through insects. 
During these types of epizootics, the history always shows a superabundance of 
flies and other insects. Undoubtedly, the biting flies and other insects are re- 
sponsible for the widespread outbreaks of the disease that occur at times. The 
importance of preventing initial outbreaks of the disease that may be disseminated 
further by flies, eventually leading to considerable extension of the disease, is 
appwent. 

The mechanism of anthrax infection in animals is a point on which further 
information is needed. It is generally conceded that infection is one of the soil, 
that the anthrax spores deposited in the soil gain entrance into the animal, and 
the disease is initiated under certain circumstances. Repeated examinations 
of the soil in various areas, at times when the disease was epizootic, have failed 
to reveal the presence of the anthrax organism, It is recognized that the tests 
were limited and that the anthrax onanism was not picked up as a result of too 
few tests. However, many other soil organisms quite similar in morphology to 
the anthrax organism have easily been recovered. Badlhis ccreus, which is 
closely related to the anthrax organism, is found in the soil, and one can speculate 
as to the possible relationship of this or similar organisms to the development of 
anthrax in animals. Do the soil organisms at some time or other, depending on 
imknown conditions, change into the organism that we know as Bacillua anthracic 
and produce anthrax? The anthi*ax or^nism has certain definite characteristics. 
We know that it is pathogenic for certain spec'ies of animals; that, when injected, 
it produces certain characteristic lesions; and that the organism may be recovered 
from the tissues of an animal dead of the disease. Is this the complete cycle of 
the anthrax organism, or does it undergo certain changes before it produces the 
death of the animal and appears as the t3q)ical anthrax bacillus? 

Likewise, the mechanism of immunity is a problem that needs further study. 
The vaccines in use at the present time have performed a great service in con- 
trolling the disease. However, the vaccine may cauhe severe reactions in some 
animals, at certain times and under certain conditions, and yet be entirely hann- 
iess when injected into other animals, at other times. Tlie state of the animal 
with regard to it.s response to vaccination, in an anthrax ai’ca or during an anthrax 
outbreak, may be different from that in animals in an area far removed from an 
anthrax zone or from an epizootic. Yet, certainly, from a practical standpoint, 
the pre-seasonal vaccination against anthrax of all susceptible animals in an area 
should be carried out. Experience has shown that, when this is done every year, 
the incidence of anthrax in animals so treated and in such areas is reduced to a 
minimum. 

Dr. W. S. Gochenour {Biological Labointlortt% Pilmnn Moon Company, Ziomh 
mile, Indiana ) : 

Dr. Stein has covered the subject thoroughly, so that little remains to be added 
to his presentation. For the s^e of emphasis, however, I should like to repeat 
that: 

(1) The most eflFective resistance to the disease in animals is accomplished by 
vaccination well in advance of the anthrax season. Vaccination during an 
epizootic frequently falls short of produch^ the desired effects. 

(2) It has been shown in properly controlled experiments, and also observed in 
the field, that some few animals do not respond to vaccination and m^ break 
under exposure to virulent infection. Such occurrences should be anticipated in 
groups of vaccinated animals and should not be considered to be the result of 
faulty vaccination. An occasional break does not indicate that the herd should 
be revaccinated. Revaccination often does more harm than good. 
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(3) The type of vaccine that is io be used in a given area or in a particular 
herd can best be detcnnmed by the practising veterinarian. 

(4) Annual vaccination is the surest means of controlling the disease, in the 
so-called anthrj^ districts. Interruption of annual vaccination has repeatedly 
paved the way for the recuiTence of extensive outbreaks, costly in animal life and 
hazardous to the human population. 

Dr. Henry Field Smyth (Anthrax Committee^ Industrial Hygiene Section, Amerir- 
ran PubUc Health Association) \* 

As to the question of anthrax as a disease in animals and its transmissibility to 
man, I should be glad to contribute a few additional comments. 

Dr.^ Stem states tliat,^ from 1915 to 1944, five States — Arizona, Indiana, Maine, 
Michigan, and West Virginia — ^were the only ones not reporting anthrax in ani- 
mals. From each of these States, we have Had repoiis ol authentic human cases, 
which leads one to suspect that in them, also, animal anthrax has eadsted, with 
the possible exception of Michigan, where the human case was in a truck driver 
who may have handled products loreign to hia State. 

In Arizona, in 1932, 1933, and 1936, bacteriologically confirmed cases were re- 
ported in persons working with iinimals. However, the sources of infection were 
not definitely detennined. 

In Indiana, ac(*ordiug to a rt^port from the State Veterinarian, anthrax occurred 
in dairy herds and svi'ine in Madison, Jeffei-son County, in 1917, due to glue fac- 
tory importation. * * 

In Blaine, in 1929, a farmei in Farmington, Franklin County, was infected 
“possibly from commercial fertilizer.” “Some yearn before 19^,” cattle in a 
pasture with a brook below a tannery died of anthrax in Bridgewater, Aroostook 
County, probably infect('d from tannery wastes. In 1942, two human cases were 
reported, one in a moat cuiter, and one in a dealer of strictly local cattle hides 
and wool, although sources of infection could not be determined. 

In West Virginia, in McDowell County, in 1937, a bacteriologically confirmed 
case was reported in a 13-year-old schoolboy, wliose neighbor’s cow had died a 
few days earlier of “staler weed.” In Greenbrier, in 1938, a farmers wife died 
of bacteriologically confirmed anthrax, although no sick animals had been re- 
ported in the neighborhood. Several other unconfirmed caaeb had also been re- 
ported, but questioned. 

While Dr. Stein implies that animal anthrax has been known in Idaho, the 
State Veterinarian has infoiuied me llml no ea.se .s have ever existed theie. Never- 
theless, we have a record of a Montamm with anthrax, apparently acquired while 
shearing sheep in Idaho. 

It would seem, therefore, that anthrax, both in animals and in humans, is a 
possible hazard in practically eveiy Stale in the counliy. 

Dr. Stein mentions outbreaks of anthrax in minkeries and in a zoological park. 
I believe these were all duo to the feeding of infected horse or calf meat to the 
animals, which emphasizes the necessity of not permitting the slaughtering of 
sick animals, or the use of animals recently dead of an undetermined eause, for 
food or, for that matter, for any purpose : wool, hides, glue, or other use in which 
they may bo handled. 

In hitj discussion of measures for controlling anthrax, Dr. Stem omits one possi- 
bility which is much more important in the consideration of preventing human 
industrial infections, but which also has a definite bearing on the po^bilily of 
imimal infection. This is the action which should be taken by officials, either 
public health or agricultural, in not allowing infected animal products to enter 
tanneries, wool mills, glue factories, fei'd supply stores, etc. I have just given two 
examples of animal outbreaks from such som-ccs, one in Indiana and one in 
Maine. Various others have included cases due to the use of woollen wastes for. 
fertilizer, and those due to the feeding of infected benemeal, etc. The oresent 
Bureau of Animal Industry regulations concerning the tr^tment or certification 
of imported animal products have no effect whatever in preventing ^thrM- 
infected material from entering such establishments, although, by complying with 
these regulations, many employers and feed and fertilizer handlers have been 
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given a false senile of security. Formerly, the Bureau of Animal Industry did 
a i tempt to protect against animal infcciion from tannciT \\aSLes. tliiougn regula- 
tions for lime or bichloride soaks for hides and coinfection of effluents. How- 
ever, since these were found ineffective, they were withdrawn. 

We have felt very strongly, for some time, that the solving of the problem of 
adequately disinfecting those products belongs to Federal agents, either publi<* 
health or agnculturul, or possibly to both jointly, and should be tackled at ports 
of entry, as is done in England. However, because human industrial infections 
have been limited to practically six States, it has been impossible to arouse any 
action or interest among UB. Public Health officials, as I have pointed out before,^ 

The education of all animal handlers concei'ning the proper handling and dis- 
posal of sick animals or thos(* dying of an unknown cause or of recognized an- 
thrax, cannot be overemphasized. Innumerable cases and deaths have resulted 
from the skinning and autops 3 dng of animals dead of unknown causes, and from 
the disposal of such animals or their skins or flesh to tanneries, glue factories, 
or animal farms for feed. 

The adequacy of disposal must also be emphasized, as evidenced by such cases 
as the following; 

In Louisiana, in January, 14)25, a farmer became infected thiough mud wdien 
his plowing tractor bogged down near the place where he had buried an infected 
mule, the pi'evious Augu'^t . 

In Soqtn Dakota, in March, 1938, a fatality occurred in a farmer who helped 
a neighbor get his car out of a creek on his property. The previous fall he had 
burned cattle and hoi-scs dead of anthrax, on high ground. Debris had been 
washed down by rains and floated in the creek. Some of these had lodged on 
the farmer’s neck, causing his infection 

Dr. Stein mentions the forms anthrax may take in human cases. Besides the 
most prevalent external carbuncle form, there are several intenial forms: pneu- 
monic, intestinal, meningitic, and also the general septicemia ofltn resulting from 
the external form. Formerly, all of these internal forms were considered 100% 
fatal, but recently, with the newer methods of treatment, there have been almost 
miraculous recoveries with each of these forms. The trend in human treatment, 
now, seems to be away from specific serum, which frequently causes severe reac- 
tions, toward cheniotlierapy (neoarsphenamine. sulfa drugs and penicillm), which 
is encouramng, since some of these products, at least, are often much more readily 
available than serum, and therefore lend themselves to much more prompt treat- 
ment, which is extremely important. 

Dr. Stein’s suggestions as to the reasons for the much liigher fatality in human 
agricultural anthrax are valid, but I believe that far more important than the 
\ii-ulence of the infecting organism is the promptness and efficiency of treatment; 
especially so, since the fatality is also extremely high among truck drivers and 
longshoremen, handling the same prodiuds as tanneries and wool mills, but ob- 
taining delayed diagnosis and treatment. 
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Plate 3 

A. A cow dead of anthrax. Note the great number of flies on the carcass. 
Virulent anthrax organisms were isolated from flies taken from tliis and a parUy 
incinerated carcass on the same ranch. 

B. Anthrax in a bull. Note swelling in region of shoulder and neck. (Cour- 
tesy of Jensen-Salsbery Laboratories, Inc., Kansas City, Missouri.) 

C. Mink spleens from animals four months of age. Above, from a case of 
anthrax. Below, a normal spleen. (From: Stiles, G. W., & C. L. Davis. An- 
thrax in minks. J.A.V,M.A. 94 : 756. 1940.) 
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Flahc 4 

A Cutaneous anthiax m man, acquired from skinninp; & cow that died of the 
disease (Courtesy of Jen^n-Salsbery Laboratones, TCftTumH City, Missouri ) 

B. Anthrax lesion on the finger, S days followup auti^isy and skimung of an 
an^ax carcass Typic&l center is surrounded by edematous tissue, beefy* 
red in color (Oouitew of the Wisconsin Med J From Wyatt, E T , 8t S. 
Epstein Anthrax in Wisconsin Wise Med J 1941 ) 
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Plate 5 

A Anthra-t m man Acquired by use of an infected shaving brush (Courtesy 
of North Dakota Livestock Samtaiy Boaid ) 

B. A case of human anthra:s, acquired from handlmg fat tumnimgs from a hog 
suspected of dymg from choke Two cats fed on meat from the hog, died sud- 
deidy of anthrax Diagnosis confirmed by laboratory examination ((Courtesy 
of The Norden News, “Human Case of Anthiax” Apnl-Ma 3 1934 issue ) 
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Fiats 6 

1 Stained anthrax bacilli and spores A Bacilli, in sheep blood (methylene 
blue), X 17(i0 B Baulk, guinea pig blood (Giemsa), x 1600 BaciUi guinea 

a blood (Hastmg’s), x 1600 D Sporulatmg organisms from roleen (bovine 
case), X 1400 E Anthrax spores from culture, x 1900 F Bacilli, spleen, 
gumea pig (note long chains), x 1400 

2 Anthrax colomes on surface of plain agar plates 18 hour growth Made 
direct from salme suspension of spleen swab from bovine field case. A. Small 
and medium, ii regular shaped colomes, natural Size B Small colony, note ground 
glass appearance, x 10 C Large comet-shaped colony, note ground glass appear- 
ance X 10 
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Removed from surface of plain agar plates by impression method; fixed, mount- 
ed, and stained with methylene blue. A. Colony from anthrax field strain, x 46. 
B. Border of same colony, x 145. C. Extreme margin of a portion of the border 
drown in B. (Note the wavv, hairlike, parallel arrangement of bacterial fila- 
ments composing upper and lower loops.) x 400. D. Upper loop ^own in C. 
hi^ly magnified, to wow arrangement of individual bacteria composing the long 
chains, x 1600. 
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ERYSIPELOTHRIX RHUSIOPATHIAE INFECTION 
IN ANIMALS AND IN HUMAN BEINGS 

By Joseph V. Klaudeh 
Philadelphia, Pennsylvania 

Erysipelothrix rhusiopathiae infection occurs in a variety of animals, 
notably swine (swine erysipelas) , and in birds. In man, it occurs in 
a cutaneous form and as an acute septicemia. 

HISTORY 

In the early history of the infection in swine, the disease was con- 
fused with hog cholera, but recognized in France about 1846 as a spe- 
cific disease. The causative organism was isolated by Loeffler,^ in 
1882. He designated it as “Badlhis of Schweinerothlauf” In 1883, 
Pasteur initiated immunization of swine, by employing cultures of the 
organism attenuated by passage through rabbits. In 1873, both 
Tilbury Fox* and Baker® published accurate clinical descriptions of 
the cutaneous form of infection in man, which Rosenbach, in 1^, aptly 
designated as erysipeloid. The disease has been subsequently called 
erysipeloid of Rosenbach. Rosenbach isolated the organism from a por- 
tion of excised skin at the site of infection. He inoculated his own arm 
with a pure culture of this organism and reproduced a lesion of 
erysipeloid. 


THE ORGANISM 

Erysipelothrix rhusiopathiae {Bacillus erysipelatus suis, Bacillus 
rhusiopathiae suis) is classified by Bergey among the higher bacteria 
of the order of Actinomycetales. The organism is a slender, straight 
or slightly curved rod 0.2 to 0.4 microns wide and 1 to 1.5 microns 
long, arranged singly or in small groups, or in chains (plate 8A) . It is 
non-motile, non-spore-forming, and gram-positive. Erysipelothrix 
rhusiopathiae and ListereUa monocytogenes are similar, morphologi- 
cally and culturally. One difference, however, is that ListereUa is 
motile, whereas Erysipelothrix rhusiopathiae is non-motile. Both 
organisms are the cause of widespread infection in animals. 

The organism grows well on the ordinary laboratory media, aerobi- 
cally as well as anaerobically. Its growth is enhanced by the addition 

( 535 ) 
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of blood to honnone agar and of calf brain or ascites fluid to plain 
hormone broth. Long thread-like forms, erroneously termed Cadothrix 
dichotoma by Rosenbach, may be seen in old cultures (plate 8Bj. 
The organism does not liquefy gelatin. Fermentation reactions, as re- 
ported by different investigators working with different stains, have 
varied. 

Identification of the organism is facilitated by agglutination by 
anti-serum (employed in immunization of swine) . The organism can 
be obtained by culturing a small piece of skin excised from a lesion of 
erysipeloid in man, or from “diamond skin” disease (a mild form of 
swine erysipelas).* This culture is injected intraperitoneally in mice. 
Culturing the heart blood of moribund animals yields a pure culture of 
the organism. In studies which I conducted,* two-tenths of a 1 : 10,000 
to 1:50,000 dilution of a 48-hour culture, obtained from lesions of 
“diamond skin,” killed white mice in from 2 to 8 days. Virulence 
varies, depending upon the source of the organism. 

Rabbits can be immunized by inoculation with cultures of Erysipelo- 
thrix rhmiopathiae. Their serum will agglutinate the organism in 
dilution reaching 1:2500. 

The organism is destroyed quickly by boiling water and by the usual 
disinfectants. It is highly resistant to drying, in which state it will 
remain alive, in the dark; and in the sunlight, from ten to twelve days. 
In salted or pickled meat, it retains its viability, and in putrid material 
it is capable of retaining its viability and virulence for months. 

In certain environments, it exists in the soil as a saprophyte or as a 
virulent pathogen. These states are not stable, since Erysipelothrix 
rhusiopathiae may be alternately virulent or avirulent. 

White mice and pigeons are highly susceptible to experimental in- 
oculation, guinea pigs and rabbits considerably less so, while field mice 
are immune. Although swine are highly susceptible to the naturally 
occurring infection, it is difficult to produce experimental infection in 
them. Man is relatively immune, particularly when the organism 
enters through the gastrointestinal tract. 

There are three generally accepted strains: human, mouse, and 
swine. These are probably variants of a common strain, if not 
identical. 


Habitat 

The organism is ■widely disseminated. It has been found in a con- 
siderable assortment of animal species, either as a harmless parasite 


* Spectzneiis can be obtained from condemned carcasses in abattoirs. 
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or as a pathogen. It is found wherever nitrogenous substances are 
decomposing. This medium, as well as soil, is a likely source of in- 
fection in swine. A large percentage of healthy swine are carriers 
of the infection. According to Glasser® and also Pfeiler,® 60 per cent 
of all swine are carriers, without symptoms of the infection. At least 
in the hog, there exists a transition from saprophyte to parasite, and a 
reversal from parasitism to saprophytism. 

The organism has been recovered from the slime of fish^ (an impor- 
tant source of erysipeloid in man) , from houseflies,® and from putrefy- 
ing horse flesh® ( a source of erysipeloid among veterinarian students 
dissecting horses) . The organism is not the cause of any known dis- 
ease of fish. It appears that the slime of fish attracts the organism 
from refuse thrown into the water and other decaying matter, and that 
change of environment increases the \Trulence. 

ERYSIPELOTHRIX RHUSIOPATHIAE INFECTION 
IN ANIMALS 

The infection in animals as a disease that ends fatally, causing 
economic loss, is largely confined to swine, while the infection in tur- 
keys doubtless rates as second in importance. 

The infection has been suspected as the cause of arthritis in sheep.’ 
There have been European reports of sporadic outbreaks in various 
avian species. Graham, Levine, and Hester^® reported an extensive 
outbreak among a large duck population; Waller reported a case 
in quail; Broll’^ isolated the organism from a chicken examined in an 
outbreak that caused the loss of an entire flock in the course of a few 
weeks. 

More recently in this country, outbreaks of naturally occurring epi- 
demics of the infection in turkeys have been reported, notably by 
Beaudette and Hudson,'® and by Rosenwald and Dickinson.'® Feeding 
of fish meal has been suggested as a possible source of infection. It 
is interesting to note that, comparable to the hematoma-like swelling of 
the ears in swine and in man with the septicemic form of infection, 
hematoma-like swelling of the caruncle occurs in turkeys (plate 9A) . 
In Rosenwald and Dickinson’s study, this swelling was the most 
pathognomic symptom of the infection in turkeys. 

The Infection in Swine 

The acute septicemic form of infection is one of the most serious 
diseases of swine. The disease, long prevalent in Europe, has been in- 
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creasing in the United States. The organism was first isolated from 
swine in the United States by Smith, in 1885, and subsequently by 
others. In 1921, Creech^* definitely established the existence of the 
disease in this country. In 1930, there was an outbreak of the sep- 
ticemic form of infection in South Dakota. Since that year, the malady 
has been reported in practically all states. 

The infection in swine is manifested in three forms: (1) a severe, or 
septicemic form, characterized by constitutional symptoms of sep- 
ticemia, presence of diffuse areas of erythema and, at times, vesicles, 
petechiae and necrosis; (2) a chronic form, characterized by poly- 
arthritis and, at times, by symptoms referable to a vegetative t 3 rpe of 
endocarditis; and (3) a mild form (urticarial form, or “diamond skin” 
disease), characterized by mild constitutional symptoms and presence 
of sharply circumscribed quadrangular lesions on the skin. 

Septicemic Form. In the septicemic form, the eruption appears 
roughly on the second or third day of sickness. The animal is obvi- 
ously sick, with high fever. Irregularly-shaped patches of erythema 
appear, favoring the following regions: ears, snout, axillas, lower sur- 
faces of the thorax and abdomen, inner surfaces of the thiglis, groins, 
and perianal region. The surfaces of the erythematous patches may 
be studded with vesicles. The involved areas are not tender, and the 
erythema disappears on pressure. At the onset, the color is pink or 
light red. Later, it is bright red, dark red, or purple. The purple 
color compares with the characteristic purple of the localized cutaneous 
form of infection (erysipeloid of Eosenbach) in man. In swine, the 
lesions, which are ill defined, may remain localized, but are more likely 
to enlarge and become confluent, affecting the greater part of the 
cutaneous surface. In some cases, the er 3 rthematous eruption is fol- 
lowed by an outbreak of petechiae. As a complication, localized or 
extensive areas of necrosis (a dry form of gangrene) appear, in which 
event the dead skin is stiff and leatherlike and later is sequestrated 
(plate 9B) . This process may involve the entire back. The ears and 
tail may be lost through necrosis. If the animal docs not die of sepsis 
or other complications, necrotic areas become cicatrized. 

Moussu^^ mentioned the occurrence of a hematoma-like swelling, 
violaceous in color, of the ears, which undergo necrosis. 

Chrome Form. This form may arise independently, or it may fol- 
low recovery from acute septicemia. Some of the joints become en- 
larged, painful, and hot to touch. The hips, tarsal, carpal, and 
phalangeal joints are most frequently affected, althou^ no joints are 
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exempt After the acute symptoms have subsided, chronic peri- 
arthritis and periostitis, causing bony enlargements and thickening 
of the soft parts, may appear. The animal walks with a stiff gait, 
locomotion being considerably impaired. The losses from this form 
of the disease are due to unthriftiness and failure to make gains. On 
pathologic examination, the ends of the long bones and the small bones 
of the knee, back, and pastern joints show excessive bony growth. 
The surfaces of the joints may be eroded, and there may be an in- 
creased amount of cloudy, flocculent joint fluid. 

Endocardial involvement is more likely to occur in animals surviving 
the septicemic form of infection. The animal becomes listless, fatigued, 
loses its appetite, and becomes incapacitated, while symptoms of car- 
diac embarrassment and circulatory disturbances appear. 

Endocarditis usually involves the mitral valves, and the vegetations 
tend to attack and invade the endocardium. 

Mild or Urticarial Form ('‘Diamond Skin” Disease). The eruption 
in this form is unlike that in the severe or septicemic form. Consti- 
tutional s 3 unptoms are mild and, according to Van Es and McGrath,^’' 
rapidly improve after the appearance of the eruption. Cutaneous 
lesions may go unnoticed until the animal is slaughtered, scalded, and 
cleaned. The eruption is generally described as consisting of raised 
wheals. These are raised, of various shapes, and slightly edematous. 
Other early lesions are spots and ill-defined blotches. The color 
in the early eruptive stage is bri^t red or pink, later becoming 
dark red, purplish red, and brownish red, in the regressing stage. 
Apparently through central clearing, extension, and joining of lesions, 
a pattern is produced, the conformation of which is remarkable and 
unique among diseases of the skin, both in man and in animals. Al- 
though the disease is called “diamond skin’' disease, rhomboidal con- 
figuration (plate lOA) is not always conspicuous, and at times is ab- 
sent. Quadrangular, rectangular, and oblong lesions are common, and 
may join in such a manner as to form a steplike pattern. The bizarre 
designs that the eruption may present are shown in plate lOB. I have 
seen square lesions containing a smaller square, concentrically or ec- 
centrically placed, and circinate, oval, or square lesions with a central 
discoid lesion (bull’s eye) . 

The lesions vary from about 2 to about 8 cm. in diameter. They 
are artificial in appearance, as though produced by a brand or stuck 
on the skin. 

The final stage of the eruption may be presented as desquamation. 



540 


AXXALti XEW YOBK ACADEMY OF SCIENCES 


usually at the periphery, and aw dark brown adherent crusts, from the 
peviph(‘ry of some of the oval and circinato lesions. 

ERYSIPELOTHRIX RHUSIOPATHIAE INFECTION 
IN HUMAN BEINGS 

The infection in man may be found in the following three forms: 
(Ij a mild, rather localized, cutaneous infection, which may be accom- 
panied by mild arthritic symptoms, usually involving the fingers; (2) 
a diffuse or generalized cutaneous eruption, with arthritic and consti- 
tutional symptoms and negative blood culture; and (3) a septicemic 
form with endocarditis, positive blood culture, and with or without 
cutaneous lesions. 

Localized Form (Erysipeloid of Rosenbach) 

The eruption occurs at the site of inoculation, usually the hand, 
and is invariably caused by injury, which may be trivial. The disease 
arose out of occupation in 88 of 100 cases which I reported elsewhere.^® 
The source of infection of these 100 patients is found in their occupa- 
tion, as shown in table 1. There was a history of injury at the site at 
which the infection first appeared in all but five in this series. 

Table 1 

SoUBCB OF Infection, ob Occupation, of 100 Patients with Ebyslpeloii)’*' 


Occupation and Remarks 

Cases 

Abattoir 

58 

Fish, retail 

11 

Tallow, grease, fertilizer 

7 

Veterinary students (dissecting horse) 

6 

Butchers, retail 

3 

Fishermen, pleasure 

Bakers (lard) 

3 

2 

Clam opener 

1 

Food handler 

1 

Furrier (unfinished pelt) 

Rabbit (removing skin) 

1 

1 

Opossum (carrying animal) 

1 

Weaver 

1 

Dressmaker 

1 

Housewife (cleaning fish) 

• 1 

Fish (handling) 

1 

Kitchen worker ^ 

1 


* 88 of these patients were infected through injury, in the course of employment and were claim- 
ants under worlunen*s compensation laws. 

The incubation period of erysipeloid is from 1 to 3 days. The dis- 
ease is of variable severity, with or without localized arthritic or con- 
stitutional symptoms. The first symptom is pain at the site of in- 
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oculation, followed by swelling and erythema (plate 11A>. The most 
distinctive feature of the disease, of considerable diagnostic import, is 
the purplisii red color of the erythema. The erythema slowly pro- 
gresses, producing another distinctive feature, a sharply defined, slightly 
elevated zone, which extends peripherally as the central portion fades 
away. The involved area is swollen and tense, as though fluid had 
been injected intracut aneously. If the finger is involved, the swelling 
and tenseness make movement difficult. 

Another characteristic of the disease is its migratory nature: new 
purplish red patches appear at remote areas. If the infection originally 
involved one finger, eventually all the fingers and the dorsum of the 
hand, or the palm, or both may become affected, the erythema appear- 
ing and disappearing, or extension may take place by continuity. The 
disease may completely disappear at the areas first involved, at the 
time when other areas are affected. The disease involutes witliout 
desquamation. 

The appearance is not that of a pyogenic infection, with which the 
condition is freciuently confused. The color of the erythema is dif- 
ferent, there is no pitting on pressure, and suppuration never occurs. 
Although itching and tingling arc frequently present, pain is the most 
conspicuous subjective symptom. It is throbbing and burning in 
character, often preventing sleep. 

The mildness or severity of tlie infection usually suggests its source, 
which, in turn, governs the virulence of the organism. In our studies, 
infection was more severe when contracted from a fish source.^® The 
virulence of the organism isolated from this source was greater than 
that isolated from other sources,* From our studies, and from clinical 
observation, it ai)peared that the organisms from the following sources 
were the most virulent, in the order mentioned: (1) partly decomposed 
fish; (2) live, slimy fish; (3) swine; (4) fish in the retail market; and 
(5) other sources. 

At times, fever, mild constitutional symptoms, lymphangitis, and 
adenitis occur. Stiffness of the joints of the involved finger is a 
common symptom of erysipeloid. Such stiffness cannot be attributed 
entirely to the tenseness of the swollen finger, since it persists after the 
swelling disappears. Sometimes, there is an associated dull pain in 
the finger joints, as well as in the wrist, the elbow, and even the shoulder. 
Arthritic symptoms may persist after the skin becomes normal. I 
have observed these symptoms to persist for as long as eight months. 

Erysipeloid invariably spreads only on the hand. Extension above 
the wrist is unusual. The disease tends towards spontaneous retro- 
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gressioil. In the 100 patients which I reported, the duration of the 
disease, for the majority, was about three weeks. 

Infection with erysipeloid confers no immunity, since second attacks 
occur. This is, perhaps, consistent with inconstant result of agglutina- 
tion tests conducted with the serum of patients with erysipeloid. In 
my experience, such a test was unreliable as a diagnostic aid. 

Treatment 

Rest and heat are important. The hand should be carried in a sling 
or, preferably, in a splint. Wet or dry heat should be applied a few 
times daily. All varieties of antiseptics and other agents, including 
foreign protein, roentgen, and ultraviolet ray therapy have been 
recommended. 

For local treatment, I favor constant wet dressing of 12 per cent 
ichthammol in alcohol. 

As we shall discuss later, penicillin exerts a favorable effect on 
Erysipelothrix rhusiopathiae. Penicillin therapy of the infection in all 
its forms will no doubt become the method of choice, though as yet 
an insufficient number of patients treated with penicillin have been re- 
ported to determine the proper dose. In the cases reported, this anti- 
biotic has been effective in total doses varying from 100,000 to 1 
million units. 

In my observations, penicillin employed in different ointment bases 
was ineffective in treatment of erysipeloid. It is questionable if the 
antibiotic reaches the site of infection when administered in this 
maimer. 


Diffuse or Generalized Eruption 

This form comprises cases in which tlie infection progresses from 
the site of inoculation, becoming diffuse or generalized, or appears 
at areas remote from the site of inoculation. Such cases have been 
reported by Sieben,®® Domrich,*^ Richter,®* Gottron,*® Klauder,®* and 
others. 

The case I reported** was that of a man who had, at the Onset, a 
typical erysipeloid of one finger, with a fish as the source of infection. 
The entire finger became involved, and the infection spread across 
the dorsum of the hand, affecting all the fingers and, eventually, the 
palm. About five months from the onset, the infection spread beyond 
the wrist and gradually involved the skin of the forearm and arm. The 
infection continued to spread, until, at the end of a year, it had ex- 
tended over the entire cutaneous surface from scalp to soles, exempting 
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only the genitalia. At no time, however, was the entire cutaneous 
surface involved. The extension was wavelike, with the -advancing 
border always shai-ply marginated, appearing as a red or pink band 
of erythema (plate IIB) . The skin posterior to the advancing border 
gradually became normal. The border showed finger-like projections. 
Large circinate and oval lesions with clear centers would appear and 
disappear at varying periods over the entire body. 

There were many cutaneous relapses which were without subjective 
symptoms and would regress without desquamation. There were con- 
stitutional symptoms, polyarthritis, and negative blood culture. Ery- 
sipelothrix rhudopathiae was recovered from two different cutaneous 
lesions, at different intervals. All treatment was without avail. The 
patient was partially incapacitated, became depressed, and committed 
suicide twenty-nine months after the onset of the infection. 

Septicemic Form 

The occurrence of this lonu ol infection has been definitely estab- 
lished by positive blood culture (Prausnitz,**® and Fiessinger and 
Brouet**) and, in addition, by necropsy demonstration of endocarditis 
and recovery of the organism in the endocardial vegetations (Russell 
and Lamb,®^ and Klauder, Kramer, and Nicholas®*). Probable in- 
stances of septicemic infection, lacking, however, in bacteriologic and 
necropsy demonstration, have been reported as occurring in veteri- 
narians accidentally inoculated with culture of the organism (Gunther®® 
and Spitzer*®). 

Cardinal S3nnptom8 of the septicemic form of infection in swine 
are an einiption, symptoms referable to the joints, and endocarditis. 
This ti'iad also occurs in human beinp. Of these ssmiptoms, the erup- 
tion and also monocytosis* doubtless have the greatest diagnostic 
value. 

The patient reported by Russell and Lamb®® had, however, no cuta- 
neous lesions, and no portal of entry of infection could be demonstrated. 
The patient was a lobster fisherman, who presented a hospital course 
of sepsis with endocarditis. Death occurred after three months’ ill- 
ness. Ante-mortem blood culture revealed Erysipelothrix rhudo- 
pathiae. Vegetative endocarditis of the aortic and mitral valves was 
found at necropsy. 

The patient reported by Klauder, Kramer, and Nicholas®* was a 
butcher who cut his finger on a bone. Although my colleagues and I 
did not see the patient at the time, evidence suggested a severe form 

* Tho significanee of monocytosis and the rdation of Bryaipetothrix rhuatoipathiaB to LUteretOa 

moitM,ylQyunji> mleLtKu L/C<u di'K.u'^'Cd Xlaudory Sramiery Se ISTloholasi^ 
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of erysipeloid with necrosis of Ixme. The patient resumed work. 
Four months after injury, he became weak and incapacitated. On 
admission to the hospital, he had constitutional symptoms, fever, 
anemia, and an eruption. Scattered over the extremities and trunk, 
there were purpuric macules, varying in diameter from 0.5 to 4 mm. 
The color varied from shades of red to purple. The macules on the 
trunk faded, and they were followed by a new outbreak of purplish 
macules (plate llCl with smooth non-elevated surfaces on the dorsa 
of the hands and on the forearms. Here the lesions were disciform, 
varying in diameter up to about 5 cm., some becoming confluent, while 
others were somewhat rounded, with irregular borders. Around the 
elbows and ankles, the eruption consisted of discrete spots. There 
were purpuric-like linear lesions that followed some creases on the 
palms and palmar surfaces of the fingers. Concomitant with these 
palmar lesiops, tliere were swelling, tenderness, and pain of the carpal 
and metacarpal joints of both hands. 

With the limited number of patients repoited on with septicemia, the 
eruption has been described as “purpuric spots,” “bluish-red” lesions, 
and “red spots.” 

Prausnitz’*® patient was a 10-year-old child. There were bluish-red 
spots on different parts of the body, articular pains, and a clinical pic- 
ture of sepsis with endocarditis. Blood culture disclosed Erysipelo- 
thrix rhusiopathiae. Death resulted after an illness of six months. 
Necropsy was not performed. 

Fiessinger and Brouet's*® patient presented an eruption similar to 
that of the patient of Klauder, Kramer, and Nicholas.®* Infection, 
apparently arising from the gastrointestinal tract, was accompanied 
by constitutional symptoms, fever, anemia, and leucopenia with mono- 
c 3 rtosi.s. Blood culture revealed Erysipelothrix rkitsiopathiae. The 
eruption was described as red spots on the trunk and extremities, be- 
coming confluent in places and forming large plaques. Purpuric spots 
appeared on the face. A distinctive feature was auricular involve- 
ment, a replica of that occurring in swine^* and resembling the involve- 
ment of the caruncle of turkeys (plate 9A). The ears were swollen, 
purplish-red, and painful, the lesion resembling a traumatic hematoma. 
Part of the ears became necrotic and sequestrated. 

The eruption in human beinp is, therefore, purpuric in type (plate 
IIC), its distinctive featmres being formation of plaques, purpuric 
linear lesions on the creases of the palms and fingers, and hematoma- 
like swelling of the ears. The eruption in human beings, in so far 
as has been reported, does not compare with the diffuse, large, ill- 
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defined patches of erjrthema that occur in the septicemic form of infec- 
tion in swine. It can be compared, however, with petechial lesions 
that occur in swine, and more particularly with auricular involvement. 
Such involvement in human beings is a unique cutaneous symptom 
(if frozen ears are excluded) and of diagnostic import. 

THERAPEUTIC EFFECT OF SULFONAMIDE COMPOUNDS, 
PENICILLIN AND STREPTOMYCIN ON ERYSIPELOTHRIX 

RHUSIOPATHIAE 

Klauder and Rule,''^ and Porter and Hale,^“ studied the therapeutic 
effect of sulfonamide compounds in treatment of mice experimentally 
infected with Erysipelothrix rhusiopathiae. These compounds had 
little or no effect. In a consistent manner, I observed their ineffective- 
ness in treatment of patients with erysipeloid, and in treatment of a 
patient with the septicemic form of infection.** 

Heilman and Herell” repoiied in vitro and in vivo studies of the 
effect of penicillin on Erysipelothrix rhusiopathiae. In the in vivo 
studies, mice inoculated with a virulent culture of Erysipelothrix 
rhusiopathiae were treated with penicillin. Similar studies were con- 
ducted by Harvey, Libby, and Waller,®* and by Klauder and Rule.®' 
Harvey, Libby, and Waller treated the inoculated mice with orally ad- 
ministered penicillin. Van Es, Olney, and Blore®® employed inoculated 
pigeons. Their experiments were planned to furnish a basis for 
penicillin treatment of the infection in swine. 

The results of the aforementioned studies showed that Erysipelo- 
thrix rhusiopathiae is sensitive to the action of penicillin. It was ob- 
served by Klauder and Rule that streptomycin exerted limited thera- 
peutic action. Van Es, Olney, and Blore®® concluded that, since best 
results were obtained by repeated injections, the procedure would' in 
itself, limit the use of penicillin in treatment of the infection in swine. 
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Plate 8 

A Bacillus of swme erysipelas, in smear of heart blood from moculated pigeon 
Phagocytoses should be noted Carbol fuchsm stam; magnification, 1,200 times 
B Swine stram of bacillus of swme erysipelas shown as threads This strain 
was mamtamed for several years on culture mediums. Magnification, 1,200 
times 
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Plate 9 

A A swollen, tuigid, purplibli led caruncle is the most pathognomic symptom of 
natuiaJly occumng Eiysipelothm ihimopathiae infection m turkeys (Supplied 
by Drs Eosenwald and Dickinson ) 

B Sequestration of skm, tail and pait ot ear, aftei neciosis following septicemic 
foim of infection (From Dunlap, G L, & R Graham Swme Erysipelas 
Ciroulai 471, Umveisity of Illmois, College of Agnculture 1937 ) 
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PtATB 10 

A. Hhomboidal lesions, which give rise to the name ^^diamond skin’’ disease. 
Note clearing in the center of the lesions. Such lesions, however, may be absent, 
as noted in B. 

B. An eruption of ^‘diamond skin” disease, presenting the curious pattern of 
emption peculiar to this disease. (From the Bureau of Animal Industry, U S. 
Department of Agriculture, Washington, D.C.) 
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ANIMAL PARASITES TRANSMISSIBLE TO MAN 


By Willabd H. Weight 

Okie}, Zoology Laboratory, National Institute of Health, Urated Statee Public 
Health Service, Bethesda, Maryland 

For the purpose of this discussion, I have chosen to select those para- 
sites belonging to the phyla Protozoa, Platyhelminthes, and Nemat- 
hehninthes, and not to include certain arthropods which usually attack 
the lower animals but may be responsible for aberrant and transitory 
parasitisms in man. In order to make the presentation more com- 
prehensive in scope, it has not been limited to animal parasites occur- 
ring only within the United States. Ten years ago, a discussion of 
exotic forms might have found little interest among such a group as 
this. However, within the past few years, our horizons have been 
lifted, and we can no longer afford to ignore diseases which occur out- 
side our own borders. 

Within the three phyla mentioned above are numerous parasites 
which occur both in lower animals and in man. Some parasites of the 
former are frequently transmitted to man — so frequently that they 
constitute important public health problems in various parts of the 
world. On the other hand, there are many more parasitic forms 
occurring in lower animals which are only occasionally, and others 
only rarely, found in man, so that theii’ occurrence in that host con- 
stitutes somewhat of a zoological curiosity. Then again, many of the 
parasites found in the lower animals have never been reported from 
man. 

Assuming that opportunities occur for the passage of parasites from 
animal hosts to man, and such opportunities are no doubt frequent with 
many species, the failure of many protozoa and helminths to make, 
this transition presupposes the existence of some natural resistance 
on the part of man. The question of host-specificity has been a fre- 
quently discussed topic in the field of parasitology, until it has almost 
become a truism that certain forms are distinctly host-specific, so much 
so that they are seldom, if ever, found in animals other than their 
natural hosts. No doubt, this specificity is closely linked with the 
physiological requirements of the parasite. However, since such 
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requirements have been little elucidated, we are not in a position, at 
this time, to inquire too closely into the mechanisms involved. 

Probably the classical example of this phenomenon is Ascaris 
lumbricoides, the common intestinal roundworm of man and swine. 
This parasite is cosmopolitan in its distribution. There are no anatom- 
ical differences between the form occurring in man and that found in 
swine. Eggs of the pig Ascaris will hatch when swallowed by man, 
and the larvae will complete their migration, but do not develop to 
maturity in the intestinal tract, although they may be responsible for 
pulmonary disturbances during their migration through the lung. 
Experimental attempts to produce infections in swine with Ascaris 
from human sources have usually resulted in failure when the animals 
were on an adequate diet. While it is reasonable to assume that primi- 
tive man probably acquired tliis parasite from the pig, it has become 
so highly specialized in its physiological requirements that it is no 
longer able to cross over. 

■Among the parasitic forms to be mentioned here, we find examples 
in all three phyla of species which are so little host-specific that they 
are capable of adapting themselves to an existence in both man and 
lower animals. Some of these species constitute important agents of 
disease in the human host. Among those species may be mentioned 
Leishmania donovani and L. tropica among the Protozoa, Schistosoma 
japonicum and Clonorchis sinensis among the Platyhelminthes, and 
Trichinella spiralis among the Nemathelminthes. While there are 
notable exceptions to the rule, it would seem from the frequency of 
transmission that th.e trematode parasites are less specific in their 
host selections than are the cestodes, and the latter less so than the 
nematodes. Some of the protozoa seem to be equally well adapted 
for a habitat in both man and lower animals, while others, such as 
Endamoeba histolytica and the species of plasmodia infecting man, 
have had little success in maintaining themselves in lower animals, 
although, in the case of malaria, many of the lower animals harbor 
species which are apparently incapable of infecting man. 

For the purposes of discussion, animal parasites transmissible to 
man may be grouped in a variety of ways. For instance, there is no 
doubt that the type of life history of the parasite has considerable in- 
fluence on its transmission to the human host. However, the following 
groupings appeal to the writer as offering better opportunity for pre- 
senting the many faceted aspects of the subject: 

(1) Parasites with man as the principal host, but occurring occa- 
sionally in lower animals. 
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. (2) Parasites with lower animals as the principal host, but occur- 
ring occasionally in man. 

(3) Parasites having their larval stage in lower animals and the 
adult stage in man. 

(41 Parasites ha^'ing their adult stage in lower animals and the 
larval stage in man. 

(5) Parasites occurring frequently in both man and lower animals, 
with the latter serving as important reservoir hosts. 

(6) Parasites occurring frequently in both man and lower animals, 
with the latter not serving as important reservoir hosts. 

It is proposed, under each of these categories, to cite certain exam- 
ples, and to discuss in more detail those forms which are responsible 
for disturbances in the health of the individual. 

A list is appended of those parasites of lower animals which have 
been reported as occurring in man. Earlier records have been taken 
from the Index Catalogue of Medical and Veterinary Zoology by Stiles 
and Hassall. An exhaustive search has not been conducted for more 
recent reports. For this reason, the list probably lacks completeness. 
However, at the same time, it includes the majority of these parasites. 
Most records for the lower animals omit scientific names, since the 
suitable checking of such names would represent a formidable task. 
Locality citations for the occurrence of the parasites in man are general. 
More specific information can be found in standard works on para- 
sitology and helminthology. 

Parasites with Man as the Principal Host, but Occurring Occasionally 

in Lower Animals 

Man’s close association wiih the domesticated animals and, par- 
ticularly, with his household pets would seem to offer very favorable 
opportunities for the transmission of his parasites to these animals. 
The fact that such transmission takes place only exceptionally be- 
speaks further of the very exacting host-specificity which exists with 
regard to certain of these parasites. In spite of the fact that Enda- 
nioeba histoiytica is transmitted usually, if not always, through the 
cysts of the organism, such animals as dogs and cats are rarely 
infected with this amoeba. Although the parasite occurs not infre- 
quently in the lower primates, the animals more closely associated with 
man do not commonly acquire an infection through such contiguity, 
even though dogs and swine, in particular, are notably coprophagous. 

Ancylostoma dvodenale and Necator americanus, the common hook- 
worms of man, have been reported as occasionally occurring in dogs 
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and eats. However, such repoHs are extremely limited in number. 
These species may be encountered more frequently in the lower 
primates; but in this case the question arises concerning the original 
host of the species, and the suspicion exists that man may have orig- 
inally acquired his infection from his early association with these 
animals. Likewise, Strmgyloides stercoralis occurs principally as a 
parasite of the human host and inlrequently as a parasite of lower 
animals. Other examples might be cited -to show that man has almost 
exclusive possession of certain of his internal parasites, and that such 
forms are not readily adaptable to existence in other hosts. 

Parasites with Lower Animals as the Principal Host, but Occurring 
Occasionally in Man 

As will be noted from the appended list, there are a large number ot 
parasites falling within this category. Most of these forms have been 
reported from man very infrequently and, in fact, in many cases only 
a single human iniection is known. Even assuming that man was a 
favorable host for certain of these parasites, in many cases the nature 
of the life cycle of the parasite is in itself such as to preclude exposure, 
except in the rarest of instances. For example, Taenia taeniaeformis, 
a common tapeworm of the domestic cat, has been reported from man 
only on a single occasion. This tapeworm has its larval stage, or 
cysticercus, in the viscera, chiefly the liver and mesentery, of the 
mouse and rat, and occasionally in other rodents. Since man does not 
commonly consume the viscera of the mouse or rat, it is easily under- 
standable that his exposure to this tapeworm is exceedingly meager. 
On the other hand, Dipylidium caninum, the cosmopolitan double- 
pored tapeworm of dogs, cats, and certain wild carnivores, has been re- 
ported from man on over 260 occasions. The parasite undergoes part 
of its life cycle in the dog flea, Ctenocephalides canis, the cat flea, 
C. /elis, the human flea, Pulex irritans, and the dog louse, Trichodectes 
canis. Most infections have been found in children who, no doubt, 
accidentally ingested infected fleas or lice as a result of fondling pet 
dogs or cats. 

The closer approach of the habits of the human host to those of the 
lower animals provides more and better opportunities for man to ac- 
quire the parasites of the latter. Of the relatively large number of 
trematode parasites 'which have their metacercarial stage encysted in 
various species of fish, we find that infection takes place frequently 
both in man and certain fish-eating lower mammals. Classical exam- 
ples of this interchange of infection is found in the case of Clonorchis 
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sinensis, Opisthorchis felineus, Heterophyes heterophyes, and other 
heterophyid flukoe. Among the cestodes, DiphyUobothrium latum, 
also transmitted through infected fish, is commonly found in man and 
domestic and wild carnivores in tlie endemic areas of this parasite. 

On the other hand, Fasciola hepatica, a cosmopolitan fluke com- 
monly inhabiting the bile ducts of cattle, sheep, and other ruminants, 
occurs only occasionally in man. The metacercariae of this parasite 
encyst on vegetation in, or at the edge of, fresh water harboring the 
snail intermediate host or hosts. To acquire infection, man must con- 
sume vegetation to which the metacercariae are attached. It is prob- 
able that many of the reported infections in man are due to eating 
water-cress. In general, however, man does not obtain his leafy foods 
from an environment in w'hich contamination with encysted larvae of 
F. hepatica might frequently take place. Hence, he is not commonly 
exposed to infection with this parasite. 

Although, in his agricultural pursuits, man has been closely asso- 
ciated witii the domesticated ruminants through countless ages, he 
seldom harbora any of the many species of trichostrongylid worms 
which are so common in the digestive tract of these hosts. Since these 
parasites have a direct life history, and infection is acquired tlirough 
taking in the third-stage or infective larvae with herbage from pas- 
tures, the rarity of infection in man is no doubt associated to a con- 
siderable extent with lack of exposure, for man’s eating habits in this 
instance do not coincide with tho.«se of ruminants. 

Parasites Having their Larval Stage in Lower Animals and the 
Adult Stage in Man 

This group includes three large tapeworms. Taenia suginaba, T. 
solium, and DiphyUobothrium latum. The first two have a cosmo- 
politan distribution, while D. latum is endemic in central and northern 
Europe, especially in the Baltic countries and tlie U.S.S.R., and in 
Siberia, Manchuria, and Japan. It has also spread to North America, 
where it is found in the Great Lakes region of the United States and 
Canada. 

Cysticercus bo vis, the larval stage of Taenia saginata, occurs in the 
muscle tissue of cattle. It has been reported from two or three wild 
ruminants. Cattle become infected by taking in, with the herbage, 
the tapeworm eggs containing the hexacanth embryo. The bladder- 
worms, or cysticerci, are whitish, opalescent forms, measuring approxi- 
mately 7.5 to 10 mm. in length and 4 to 6 ram. in breadth, and contain- 
ing the invaginated miniature head. Man acquires infection by in- 
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gesting the bladderwomi in raw or undercooked beef. The adult worm 
may reach a length of 25 meters but is usually considerably shorter. 
The number of segments varies between 1000 and 2000. Although 
there is some doubt that infection with one or two worms can produce 
any marked symptomatology in man, hunger pains, diarrhea, loss of 
weight, and an eosinophilia have been freciuently reported. From the 
esthetic point of view, the tapeworm is certainly an undesirable boarder. 
The gravid segments frequently crawl out of the anal canal, sometimes 
in chains, and have been reported as a source of social embarrassment. 
Autoinfection, which is not uncommon with T. solium, occurs rarely 
with T. saginata, although one or two authentic cases are on record. 

Taenia solium is a much more dangerous parasite than T. saginata, 
but it is much less common. The larval stage, Cysticerevs cellulosae, 
is found most frequently in swine, but has been reported from certain 
primates, and from the sheep and dog. The cysticercus is a pearly, 
opalescent, bladder-like sac, occurring in the muscle tissue of the 
secondary host. It contains the embiyo, the head of which is armed 
with small booklets. Man acquires the infection from tlie consump- 
tion of raw or inadequately cooked pork. The adult worm is attached 
to the wall of the small intestine and may grow to a length of several 
meters. The parasite is much more difficult to remove by anthelmintic 
medication than is T. saginata, probably because of the firm fixation 
of the head by means of the booklets on the rostellum. Man develops 
cysticercosis through the accidental consumption of the ova of the 
worm, either from eggs passed in his own feces, or from those given 
off by another individual, or by autoinfection through the premature 
hatching of the ova in his own intestinal tract, subsequent penetration 
by the larvae of the wall of the bowel, and their development and en- 
trance into various organs of the body. The infection is particularly 
prone to develop in the central nervous system, in which event serious 
epileptiform symptoms develop. These symptoms may last for years, 
and the infection may eventually result fatally. Unfortunately, there 
is no medicinal treatment of value. Since definitive diagnosis is diffi- 
cult and surgery is a risky procedure, patients seldom find relief. MsSc- 
Arthur^ has called attention to numerous cases of cysticercosis cellu- 
losae in British soldiers serving in India, where the parasite is fre- 
quently encountered. 

In this country, certain protection against the beef and pork tape- 
worms is afforded to the public through the operation of the Federal 
meat inspection service. All carcasses coming under this inspection 
are examined for cysticerci, and the infected parts are condemned. In 
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spite of the relatively high degree of isanitation maintained in the 
United States, during the year ending June 30, 1945, there were con- 
demned for cysticercofiih, under the Federal meat inapection regulations, 
1292 carcasses. Since all meat is not federally inspected, the only cer- 
tain preventive measure is the adequate cooking of beef and pork before 
consumption. 

Diphyllobothrhm latumf the broad fish tapeworm, is found in a 
number of hosts other than man. These include the dog, cat, certain 
wild carnivores, the walrus, seals and sea-lions, and the domestic pig. 
In Canada, the worm is found so frecjuently in wild camivores that its 
distribution in these hosts adds to the difficulties of control. When dis- 
charged from the parent worm, the eggs I'equire some time before 
reaching maturity. Upon maturity, the hexacanth embryo, termed 
the coracidium, (‘scapes from the shell. Development is continued 
if the embryo is able to jwuietrate certain cyolops of the genera 
Diaptomus and Cyclops. Here it develops into the jnwercoid larva. 
Fui*ther developnu'nt takes place to tlie plei’ocereoid larva within the 
muscle layers of a suitable fish host. Man acquires infection by eating 
raw, pickled, or undercooked fish. 

The broad fish tapeworm has been accused of being the etiologic 
agent of anemia, the so-called ^‘bothriocephalus anemia, in the human 
host. This has been disputed by Birkeland,- who has shown that the 
majority of cases of this anemia have occurred in Finland, where the 
population has an inherent tendency to pernicious anemia. It is pos- 
sible that the tapeworm, through the excretion of toxic products, may 
be a contributing factor in the production of anemia, although not 
the primary agent. Gastrointestinal disturbances, together with loss 
of weight, are sometimes associated with the presence of the worm. 

Parasites Having their Adult Stage in I^wer Animals and the 
Larval Stage in Man 

The parasites in this category may l>e termed strictly accidental in- 
vaders of man, since, in the human host, they come to a dead end and 
never complete their life cycle. This gi’oup includes EchiTiococcm 
granulosfiis, which produces hydatid disease, Diphyttobothriioh mcin^ 
soni, D. yyiamonoi^des, and members of the cestode genus MvlHceps. 
The group also includes the dog and cat hookworms which produce so- 
called “creeping eruption’^ in man, and species of rodent and bird schis- 
tosomes, the larvae or cercariae of which are the etiologic agents of 
so-called “swimmer^s itch.” 

Hydatid disease is one of the most serious parasitic diseases of man 
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and freqwntly tnds fatally. The adult tapeworm occurs in the intes- 
tinal tract of the dog. cat, and certain wild carnivores. It is a rela- 
tively minute animal, measming only 3 to 6 mm. in length and consist- 
ing of a head provided with a double crown of booklets, neck, and only 
three segments or proglottids. Infection is acquired by the secondary 
host when the eggs of the worm are swallowed in the food or drinking 
water. The larval stage occurs most frequently in ruminants and 
swine, and less frequently in the horse. 

The development of the hydatid proceeds slowly. After the hexa- 
canth embryo escapes from the egg in the duodenum of the secondarj’ 
host, it penetrates the wall of the bowel to reach the blood stream, 
within which it is carried passively to some organ of the body. It 
localizes most frequently in the liver and lung, but it may also be 
found in many other organs. The embryo, at this stage, has lost its 
original three pairs of booklets. After several months, the hydatid 
may reach a diameter of a centimeter. About this time, the inner germ- 
inal layer of the hydatid begins to produce brood capsules, which 
may. in turn, bud internally, with scolices developing from the cyst 
wall. The brood capsules may become detached from the original 
germinal layer of the hydatid and float free in the fluid of the cavity. 
Occasionally, daughter cysts are produced exogenously from the mother 
cyst and pro\ide other sites of infection. Other types of hydatid de- 
velopment have also been described. 

The symptomatology of hydatid disease in man varies greatly, in ac- 
cordance with the site of infection, the type of the hydatid, the extent 
to which the defense mechanism of the body is exercised, and accord- 
ing to whether rupture of the cj’st takes place with metastases to other 
parts of the body\ During the growth period of the parasite, the in- 
fection is usually benign, and pronounced symptoms may not appear 
for years after infection, except in cases of involvement of the central 
nervous system. On the other hand, the alveolar or malignant type 
usually takes a more rapid course. The only treatment for the disease 
consists in surgical inter\’ention. Even then, however, the prognosis 
is only fair, and recmrences appear in about half the cases. 

Infection in man is most common in New Zealand, Australia, the 
Union of South Africa, the Argentine, Paraguay, Uruguay, the Near 
East, Egypt, and Algeria. It is not uncommon in central and northern 
Europe, and in Siberia, Japan, and other parts of the Far East. For- 
merly, Iceland was a very heavy endemic area, but during recent 
years, the application of control measures has linaited the spread of 
infection. In New Zealand, Barnett® has reported that about 120 
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new cases of the disease occur in man each year, and that, on an aver- 
age, 16 of these are fatal. New Zealand has about 200,000 dogs, of 
which approximately one-third are infected with the adult Echinococ- 
cus granulosus, while about half the sheep and cattle carry hydatids. 

In the United States, Magath has performed a great service by pub- 
lishing, at intervals, data on the occurrence of echinococcosis. In 
his most recent summary,^ he stated that at least 519 cases of the dis- 
ease have been reported in Canada and the United States since the 
first case was seen in 1808. Ninety-five per cent of the cases in which 
the nationality of the patient is known, have occurred among immi- 
grants. Apparently, there have been 29 cases reported from North 
America, in which the infected individuals were native-born, although 
it is not entirely certain that the disease was contracted in North 
America in each instance. Magath is of the opinion that the usual 
cycle of transmission from dog to sheep is not the typical one in tlie 
United States and Canada, and points out tluit the cycle may involve 
wild carnivores and herbivores. There is also evidence that hydatids 
not infrequently occur in swine in this country. Reports of the oc- 
currence of the adult worm in dogs in the United States are rela- 
tively rare. Edney® recently found the parasite in 2 of 40 dop autop- 
sied in Murfreesboro, Tennessee. 

Diphyllobothrium tnansoni occurs as un adult worm in the intestine 
of dop, cats, and wild carnivores in the Sino- Japanese area. The life 
cycle is similar to D. latum, and the larval form usually occui’s in the 
somatic musculature of frop, snakes, birds, or mammals. The lart'a 
changes into a sparganum, which may proliferate by budding. Infec- 
tion in man usually occm-s following the application, as a poultice, of 
the flesh of one of the secondary hosts. 

Mueller and Coulston® demonstrated experimental human infection 
with rather serious symptoms, with the sparganum of Diphylloboth- 
rium {Spirometra) mansonoides. a parasite of the domestic bobcat. 
The plerocercoid stage is naturally found in the water snake, Natrix, 
and in the field mouse. Micfotvs. A number of other sparpna have 
been reported from man. 

The so-called “creeping eruption," occurring in man in the Southern 
United States, is another example of infection with the larval form of a 
worm infecting certain lower animals. The condition is mainly due to 
the invasion of the human skin by the tiiird-stage larvae of Ancyhs- 
toma brasUiense, occurring in the dog and cat, although it is probable 
that larvae of Ancylostoma eaninum and other carnivore hookworms 
may be involved in some cases. Infection is usually contracted throu^' 
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exposure of the body to moist, sandy soil, during the w ariner montlis 
of the year. The larvae penetrate the skin and migrate intracutane- 
ously, producing serpentine tracts with resulting inflammatorj' reac- 
tion and intense itching. The condition may last for several weeks. 
In other countries, A. brasiliense frequently develops to matmity in 
man. 

In 1928, Cort' described a type of dermatitis contracted by bathers 
and waders in Douglas Lake, Michigan, and demonstrated experi- 
mentally that such dermatitis was due to non-human schistosome cer- 
cariae. Since that time, many other workers have WTitten on the 
problem. At least four or more species of ccrcanae have been in- 
criminated in the production of this of dermatitis, commonly 
called “swimmer’s itch." The definitive host of the parasite is not 
known in all cases, but the adult schistosomes probably occm in birds 
and field rodents. Since Cort’s original publication, the same condi- 
tion has been reported from lakes in Michigan, Wisconsin, Minnesota, 
and other points in the United States, as well as in Canada, Wales, 
Germany, France, and elsewhere. On contact witli water containing 
cercariae, a prickling sensation is usually experiencetl, small reddish 
papules later appear, and intense itching follows, to subside only after 
several days. Tlie cercariae do not develop in the human host. 

Parasites Occtirring Frequently in Both Man and Lower Animals, 
with the Latter Serving as Important Reservoir Hosts 

Included in this categorj' are a number ot parasites which are the 
causative agents ot serious disease conditions in man. One of the most 
important of these is Schistosoma japonictim, one of three species of 
human blood flukes. This parasite is endemic in extensive areas in 
China, and is found in ceitain parts ot Japan, Formosa, the Philippines, 
and the Celebes. It apparently has little host-specificity, since it is 
commonly encountered in many species of lower mammals in these en- 
demic zones. On Leyte, Philippine Islands, a higli percentage of the 
dc^ in these areas are infected, while swine also very frequently cai-ry 
the disease. The parasite is also found in cats and young carabao. 
Magatli and Mathieson® found up to 90 per cent of the rats from 
certain heavy endemic areas on Leyte infected. Rats seldom pass ova 
of the parasite and thus do not constitute a reservoir host of impor- 
tance. The same probably applies to carabao, as older animals on 
Leyte were seldom found infected. 

In Japan, as well as in China, certain animals are important r^er- 
voir hosts of Schistosoma japonicum. In the Kofu area, one of the 
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heaviest endemic foci in Japan, cattle, goats, dogs, field mice, moles, 
and skunks have been found infected, although none of 967 horses 
was positive. Fifty per cent of 353 dogb were positive, and 30.8 per 
cent of over 7000 cattle. In the Katayama area in Japan, a control 
program, carried out over the past 30 years, has provided for the sub- 
stitution of homes lor cattle in agiicultural work, in an effort to elimi- 
nate the spread of infection by the latter. 

Clonorchis mnensis, the so-called Chinese liver fluke, occurs fre- 
quently in dogs, cats, and certain other piscivorous mammals. The 
fluke inhabits the biliaiy passages and is an important parasite of man 
in certain parts of Japan, Korea, Formosa, China, and French Indo- 
China. The life cycle of the fluke involves two intermediate hosts, 
several species of snails and a considerable number of species of cypri- 
noid fishes. After the cercaria escapes from the first intermediate host, 
it penetrates and encysts in the muscle tissue of the fish and becomes a 
metacercaria. Wlien the infected fish is consumed by the proper host, 
the metacercariae develop into the adult flukes. Faust and Khaw'’ 
have pointed out that lower animals constitute important reservoir 
hosts of this parasite and are solely responsible for its perpetuation in 
North China, and mainly responsible in Central China, although not 
of importance, from this standpoint, in South China. 

Opisthorchis felineus, a species of trematode closely related to the 
Chinese liver fluke, occurs in the biliary passages of man, the eat, dog, 
pig, and certain wild piscivorous animals. The parasite is endemic in 
central and eastern Europe, and in Siberia. Its life cycle is similar 
to that of C. sin&nsi^, VogeP® has found that, in East Prussia, the cat 
is an important reseiwoir host for man, while Erhardt^^ reported an 
infection of 87.8 per cent in cats on the eastern shore of the “Kurisches 
Haff’^ in that province. Some of these animals harbored nearly 1,000 
flukes, while the majority were infected with more than 100 specimens. 

The trematode family, Heterophyidae, contains a considerable num- 
ber of species of very small flukes found in the intestinal tract of man, 
the dog, cat, and wild carnivores, as well as of some other animals 
Heterophyes heterophyes, the species of most common occurrence in 
man, is foimd in Egypt and in the Sino- Japanese area. All of thebe 
flukes have life histories similar to that of C. sinensis and, in each case, 
infection is acquired by the consumption of fish harboring the 
metacercariae. As a rule, these species do not cause pronounced symp- 
tomatology or pathology referable to the gastrointestinal tract, and 
their pathogenicity was considered very slight until Africa and asso- 
ciates,^® in the Philippines, called attention to the fact that ova of cer- 
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tain of these flukes frequently gain entrance into the blood stream and 
are carried to the heait, the central nervous system, and other organs, 
where they may be responsible for serious inflammatory reactions and 
sjunptomatology easily confused with that of other etiology. The 
species incriminated by the abovementioned workers wer^ Spelotrema 
brevicaeca, Stellantchasmus falcatus, Haplorchis yokogawai, and H, 
taichui The first mentioned is a member of the family Microphal- 
lidae. The others belong to the Heterophyidae. Ova were found in 
the cardiac musculature and mitral valves, in the right basal ganglia 
of the brain, and in the spinal cord. Africa and his co-workers be- 
lieved that many fatal cases of heart disease attributed to beri-beri 
are actually due to heterophyid infection. 

One of the classical examples of the importance of reservoir hosts in 
the transmission of parasitic disease is lurnished by the trichina worm, 
Trichinella spiralis. This example lies at our very door. Wright, 
Kerr, and Jacobs^ have summarized findings of post-mortem examina- 
tions for trichinae in various population ginups in the United States, 
as earned out in the National Institute of Health. Of a total of 5,313 
indhiduals coming to necropsy in 189 hospitals located in 114 cities 
in 37 States and the District of Columbia, the incidence of Trichinella 
spiralis was 16.1 per cent. Including all surveys published up to that 
time, it was found that, of 11,931 persons examined, 16.2 per cent were 
positive. The e^ddence^^ indicated very strikingly that, within the 
continental limits of the United States, exposure to trichinosis is nearly 
uniform in degree, regardless of geographical or environmental factors. 

Most readers are doubtless aware of the life cycle of the trichina 
parasite and the means of its transmission from host to host. In the 
case of this nematode, both adults and infective larv^ae occur in the 
same host. The adult worms inhabit the small intestine, and the 
female gives off living young which reach the blood stream and pene- 
trate all, or nearly all, of the voluntaiy^ muscles of the body. Here, 
these larvae settle down and develop into infective forms, which con- 
tinue the cycle when the infected flesh is consumed by another suitable 
mammalian host. Trichinella spiralis has been reported from a con- 
siderable number of hosts, including man, swine, rodents, dog, cat, and 
certain fur-bearing animals. In the United States, the hog is the most 
important reservmir host. Rats are frequently infected and may trans- 
mit their infection to swine and other rats, but the hog undoubtedly 
acquires his infection usually from infected pork scraps in garbage. 

There are two other important parasitic diseases of man which can- 
not be omitted from discussion xrnder the present heading. These are 
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leishmamaeis and trypanosomiasis. There are three species of leish- 
mania infecting man, Leishmania donovani, the etiological agent of 
kala-azar or visceral leishmaniasis. L. tropica, which is responsible for 
cutaneous leishmaniasis, and L. brasiliensis, the causative agent of 
muco-cutaneous leishmaniasis. Kala-azar is found in the Mediter- 
ranean littoral, the Near East, Southern Russia and Turkestan, India, 
North China, the Sudan, and in certain parts of South America. L. 
tropica infection is encountered in much the same areas as L. donovani, 
although not always coinciding with the distribution of kala-azar. It 
has not been reported from China. L. brasiliensis occurs in Central 
and South America, and in Mexico. All of these species are transmitted 
by sandflies of the genus Phlebotomus, although other means may serve 
at times. The dog is an important reservoir host of both L. donovani 
and L. tropica, and a high infection rate in dogs is commonly encoun- 
tered in endemic centers of leishmaniasis. This is particularly true 
in the Mediterranean Basin and in China. In the latter country, this 
animal is said to be the most important link in the perpetuation of 
kala-azar. In certain areas, small rodents constitute a very common 
reservoir of L. tropica infection. In this connection, Hoare” has re- 
cently summarized the notable contributions made by Russian workers 
to the subject of oriental sore in Middle Asia. Here, two types of the 
disease were discovered, the so-called “dry” and ‘‘moist” types, the 
latter occurring mostly in settlements on the edge of the desert. Sand- 
flies, Phlebotomus papatasii, and P. caitcasicus, which breed in great 
numbers in the burrows of desert rodents, were fotmd to be the vectors. 
A hi^ rate of infection was found in the reservoir hosts, the gerbils, 
Rhombomys opimus, Meriones erythrourus, and M. meridianus, and 
sousliks, Spermophilopsis leptodactylus. In one hy’perendemic area, 
the destruction of the reservoir hosts resulted, within a period of thir- 
teen months, in a reduction of the infection rate in the human popula- 
tion from 70 per cent to 0.4 per cent. In the case of Leishmarvia brasiU- 
emis, the dog is said to be a reservoir host. However, since muco- 
cutaneous leishmaniasis is more frequently a disease of forest workers, 
it would appear that the chief reservoir hosts are forest dwellers, as yet 
unknown. 

African sleeping sickness, or trypanosomiasis, caused by Trypano~ 
soma gambiense, was thought at one time to be maintained to a con- 
siderable extent by infection in game aninoals. There is no deflnite 
proof that such is the case. However, the ease with which certain of 
these animals, especially species of antelope, can be infected would 
indicate that the possibility should not be entirely ignored. Certain 
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domestic animals such as sheep, cattle, goats, and swine, can carry an 
infection ^ith T. gambiense for a long period of time and must be con- 
sidered as potential reservoir hosts. In the case of Trypanosoma rho~ 
desiense, the evidence for the existence of such hosts is much more im- 
pressive, since it is recognized that this parasite probably represents a 
human strain of T. brucei, commonly found in game animals. Ex- 
periments have indicated that T. rhodesiense can be passed from man 
through antelopes and back to man, and still produce the disease. 

In the case of Trypanosoma cruzi, the causative agent of South 
American trypanosomiasis, or Chagas’ disease, the list of reservoir hosts 
is an impressive one, including dogs, cats, armadillos, mice, ferrets, 
foxes, opossums, the ant-eater, squirrels, the wood rat, and monkeys. 

Parasites Occurring Frequently in Both Man and Lower Anim a l s, 
with the Latter not Serving as Important Reservoir Hosts 

The forms falling within this category are relatively few, and even 
with these the e\*idence concerning the status of their reserv’oir hosts is 
not at all clear. Fasdolopsis buski, the large intestinal fluke of man in 
China, Formosa, Indo-China, Siam, Borneo, Sumatra, and India, is 
found frequently in swine, and there is reason to believe that it was 
originally a parasite of these animals. However, it seems to be so 
well adapted to the human host that its presence in any numbers is 
associated with clinical sjTnptoms. Infection is acquired through the 
consumption of water caltrops and so-called “water chestnuts” con- 
taminated with the metacercariae of the fluke. With close association 
between man and swine, it would be reasonable to assume that the 
latter mi^t well serv’e as an important reservoir host. However, Bar- 
low,‘® in his classical studies of fasciolopsiasis in China, believed that 
reservoir hosts in the Shaohsing section of Chekiang Province, a very 
highly endemic area, need be considered little, if at all, in the prophy- 
laxis of the disease. Possibly, in other endemic centers, the pig might 
be of more importance in the transmission of the parasite to man. 
However, there is little evidence available to support such a conclusion. 

Paragonimus westermani, the lung fluke of man, is found in a con- 
siderable number of low’er animals, including the dog, cat, pig, and 
numerous wild carnivores in the Far East. The fluke has also been re- 
ported from man in other areas. A closely related, if not identical 
species, P. ringed, has also been described from some of the above- 
mentioned hosts. The metacercariae of P. westermani encyst in cer- 
tain species of crabs and crayfish, and infection is acquired through the 
consumption of these infected Crustacea. It is also possible that the 
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cysts may in some cases be freed and can be taken in by drinking 
water containing them. A related species of lung fluke, Paragonimus 
keUicotti, is a common parasite of mink in the United States and Can- 
ada, and has also been reported from the pig, dog, muskrat, cat, "wild 
eat, and goat. One reasonably authentic case in man has been re- 
ported from the United States. There is no reasonable evidence that 
this species is not adapted to an existence in the human host. The 
fact that it has only been reported in a single instance might be as- 
cribed to man’s not being in the habit of consuming raw crayfish. 
How'ever, if infection can be acquired through cysts taken in with 
drinking water, it would seem that this method of transfer might be 
operative, and responsible for more human infections in this country. 
There is little information concerning the importance of reservoir hosts 
for P. westermani in the Far East and elsewhere. In the absence 
of such information, it seems probable that such hosts are not of great 
significance in the transmission of infection to man. 

Trichostrongylius orieptalis is of not uncommon occurrence among 
agricultural workers in Japan, Korea, Formosa, and parts of China. 
The worm is also found in certain ruminants, such as sheep and camels, 
and it probably occurs in others. The worm is the only trichostrongy- 
lid parasite which occurs more than rarely in man. There is reason 
to believe that it was originally acquii-ed from its hosts among lower 
animals. The present e\'idence, however, would indicate that it has 
become adapted to an existence in man, and that lower animals have 
little to do with continued infection in the human host. 
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Appendix: Animal Paeasites Found in Lower Animals and Man 



1 1 

1 Natural hosts in lower animals 

1 

1 

1 Occurrence in man* 

1 

Parasite 

Locality 

Fre- 

quencyt 


Protozoa 



Efydarnodba histolytica 

Monkeys, ratSi cat^ dog, swine 

1 Cosmopolitan ^ 

C 

Endolimax nana 

Monkeys, dog, swine 

1 Cosmopolitan 

c 

lodamodba bUtschli 

1 Monkey, swine, rat 

Cosmopolitan 

C 

TrichoTrumas vaginalis 

Monkeys 

Cosmopolitan 

c 

Giardia Umblia 

Monkeys 

Cosmopolitan 

C 

LeMkrnania donovani 

Dog, cat (horse, sheep?), 
hedgehog 

( 

1 

Mediterranean 

Sudan 

Near East 

India 

North China 

South America j 

C 

Leishmania tropica 

: Dog, cat, gerbils, sousliks 

Mediterranean 
Central Africa ' 

Near East 

India 

Turkestan 

C 

LeUhmania brasiliensia 

Dog 

1 

South Amenca 
Central America 
Mexico 

C 

Trypanosoma gamJbiense 

1 Antelope, sheep, goat, cattle, 
horse, swine 

Africa 

C 

Trypanosoma rhodesiense 

Antelope and other wild game 

Africa 

C 

Trypanosoma cruzi 

Dog, cat, anxiadillo, bat, fer> 
ret, fox, oppossum, ant- 
1 eater, squint monkey 

South America 
Central America 
Mexico 1 

C 

Balantidium coli 

1 Swine 

Cosmopolitan | 

: 0 


Parasites of undetermined nature 


Sarco(Msti 9 lindetnanni Numerous lower animals ‘ Ck>smopolitan E 

Toxopicama gondii , Numerous lower animals . Cosmopolitan E 


Trematodes 


Schistosoma haematobium 

Cercocehus fuliginosus 
(West African monkey) 

i 

Africa 

Portugal 1 

1 I 

Mauritius 

Near East 

1 C 

1 

1 

Schistosoma mansoni 

Cercopithecus sabaeus . 

(WW African green mon- ] 
key) 1 

1 Africa 

1 South America 
> Lesser Antilles | 

c 

Sdiistosoma japonicum ^ 

Dog, cat, carabao, cattle, 
horse, skunk, mole, goat, 
rodents, deer 

China I 

Japan 

Formosa 

Philippines 

Celeo^ 

C 

1 

Schistosoma b<ms 

Cattle, sheep, ^oat, antelopes, 
bab^n, equmes 

Natal 

Southern Ehodesia 
Be^ian Congo 

0 


* Beeotds do Dot mcjud# cocDerimental infeetkniB. 
t C oommon; O — oo^mtO; R » rare; 8 oaee on record. 
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Appendix: Animal Parasites Found in Lower Animals and Man 



(Continued) 




Natural hosts in lower animals 

Occurrence in man* 

Parasite 

1 1 

I Locality 

Fre- 

queneyt 

Opisthorchu viverrini 

1 

Civet cat 

' Northern Siam 

0 

Opisthorchn noverca 

Dog, swine, wolverine 

India 1 

R 

Clonorckis wienm 

Dog, cat, wildcat, swine, mar- ' 
ten, badger, mink, guinea- 
pig 

I Birds 

Philippmes 

1 Far East 

c 

ClinoBtomum complanatum ; 

' Near East 

Japan 

Siberia 

R 

Psevdamphistoinum 

truncatum 

Seal, dog, cat, fox, wolverine 

R 

Sanophyetus schikhobalom < 

Dog, wild carnivores 

Eastern Siberia 

R 

Prokemistomuni tnvax 

Dog, cat 1 

1 Egypt 
, Far East 

Africa 

South America 

R 

Paragonimus weBiennam 

Cat, wildcat, tiger, panther, , 
fox, wolf, dog, rat, pig, and 
others 

0 

ParagonimuB kellicotii | 

Dog, cat, swine, mink, musk- 
rat, wildcat, goat, red fox 

United States 

s 

IsoparorchiB hypselohagri 'j 

Fish 

Bengal 

China 

United States 
Canada 

Germany 

France 

Wales 

R 

Trichohilhama ocellaia** 

1 

Birds 

1 

i i 

1 

0 

Trichobilharzia phyBellae** 

, Birds 

United States 

0 

Trichobilharzia stagnicolae**]^ 

Birds j 

United States 
Canada 1 

United States j 

0 

SchiBtoBomatium douihiUi** ' 

Meadow mouse 



Ceatodes 


Diphyllobothrium latum j 

Dog, cat, wild carnivores, 

1 mongoose, walrus, seals, sea- 
lions, swine 

1 United States 
Canada 

Europe 

1 Sibena 

1 Japan 

P^tine 

I c 

r 

1 

Diphyllobothrium ccrdaium 

Seals, walrus, dog, bear, fox 

Greenland 

Iceland 

Japan 

U.S.S.R. i 

i ^ 

Diphyllobathrium hougkUmi 

Dog, cat 

China 

R 

Dipkyllobathrium mansonit 

Dog, cat, wild camivoreh 

Sino-Japanese 

0 

DiplogonoporuB grandis 

Whale 

area 

Japan 

R 


* Keoords do not mdude experimeatal infections. 
tC — oonunon; 0 = ocossional; R=s nare; S = single case on record. 
** Cenariae cause denoatitis in 
t Spaiganum in man. 
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Appendix: Animal Parasites Found in Lower Animals and Man 


i Continued) 


Parasite 

Natural hosts in lower animals 

Occurrence in 

Locality 

man* 

1 Fre- 
j quency t 

Digramma brauni 

Birds (?) 

Roumania 

1 E 

Ligtda intestinalia 

Birds 

Roumania 

France 

. R 

1 

Sparganum proUferum** 

' . 

Japan 

United States 

. R 

1 

BerUeUa studeri 

Lower primates 

Mauritius 

St. Kitts 

India 

Sumatra 

Philippmes 

1 » 

j 

1 

Bertiella mucronata 

Lower primates 

Cuba 

Brazil 

Widespread 

R 

Dipylidium caninum 

Dos, cat, wild carnivore*' 
Rodents, hydraces 

0 

Inermicapsifer cubenais 

Cuba 

Venezuela 

0 

RailUetina 

TnadagcLScarieTiais 

1 

1 

. . i 

Rodents ^?) 

' 1 

1 

1 

1 ] 

Siam 

British Guiana 

Comoros 

Mauritius 

1 Cuba 

Philippines 

Japan 

, Madagascar 

R 

RailUetina celebensia 

' Rat 

1 Formosa 

Japan 
' Ecuador 

« R 

RaiUietina ^itensis 

? 

R 

HyrnenolUpte nana 

Rat, mouse, gerbil 

Cosmopolitan 

C 

Hymenol^pis diminuta 

Rat, mouse, other rodents 

Cosmopolitan 

‘ 0 

Drepanidkaenia lanceolata 

Anseriform birds 

Germany 

S 

Taenia solium 

Swine (larval stage) 

Cosmopolitan 

C 

Taenia saginata ' 

' Cattle (larval stage) 

Cosmopolitan 

c 

Taenia iaeniaeformie 

Cat 

Argentme 

s 

Taenia africana 

? 

Afnca 

R 

MuUiceps muUicepe i 

1 Ruminants (larval stage) 

France 

s 

MvUic^ glomeratue 

Gerbil (larv^ stage) 

Nigeria 

8 

MvUic^s sericdis 

Rodents, baboon, mandril (lar- 
' val stage) 

France 

r 

R 

Echinococcus granulosus 

i 

' Ruminants, swine, equines, 
t moi^ys, and many others 

1 (larval stage) 

Cosmopolitan 

0 


Xemaiodes 




Trichinella spiralis 

Dog, cat, swine, rodents, wild 

Cosmopolitan 

1 

carnivores 


CapiRaria hepatica , 

, Rodents, peccary, monkeys, 
dog 

Fish'-eating mammals 

India 

Dioctojdiyme renale 

Europe 

Sircnguloides sUrcoralis 
Temidens deminuius 

Dog, Goati 

Various sunian hosts 

j^nuuii 

Cosmopolitan 

Africa 


* Records do not rndtide experimentel ideations, 
to = oomxQon; O = occasional; R=s rare; S == sin^e case on record. 
**Spaxganum in nuo. 
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Appendix: Animal Parasites Found in LowTai Animals and Man 


[Continued\ 


Parasite 

! 

Natural hosts in lower animals 

' Occurrence in man* 

Locality | 

1 Fre- 
j quency t 


Gongylonema jyulchrum 

Ruminants and occasionally 

' Italy 

R 


others 

U. S. S. R. 

) United States 

New Zealand 


Qrudhostoma spinigerum 

Cat, dog, weasel, and other > Siam 

R 


*^Tld carnivores 

Malay Staten < 

1 India i 

1 


j 

1 Ja]}an 1 

* China i 

Australia 

i 

GnaihosUma hispidum 

Swine 

Japan 

Formosa 

R 

Physaloptera caueasica 

' Monkeyb 

Africa 

Caucasu*' 

0 

Thelazui caUivaeda 

Thdazia cahfornimm 

Dog, rabbit 

China 

R 

Dog, cat 

United States 

R 

Cheilospirura sp. 

Philippines 

S 

AcanihocheiUmema 

Lower primates 

Africa 1 

c 

peratans 

South America 


Dtrofilaria repeits 

Dog 

U. S. S. R. 

s 

Dracunculus medinenm 

Dog, fox, raccoon, mink 

Africa 

India 

South America 

' 1 

1 ® 

, 

Acanthocephala 

}fa(^a<xinihorhynckua 

^ Swine 

1 

Formosa i 

i R 

hirudinaceua 

Europe (doubtful , 
reports) 

Italy 1 

i 

Moniliformis moniliformis 

1 Dog, cat, rodents 

1 ^ 


) 

Sudan 

; British Honduras 



* Eecords do not include expemnental infections, 
t C = common; 0 = occasional • R= rare; S = angle case on record. 







576 


AXNALS XEW YORK ACADEMY OF SCIEXCES 


to bpecies which mature in man. but they are unable to adapt sufficiently to the 
new conditionb to attain >exual maturity there. 

Perhaps the most u>eful part of Dr. Wrip:ht’s paper ie the- Appendix which 
tabulates those animal parasites which have been reported from both lower ani- 
mals and from man. It supplies the data on which his discussion is based^ and 
prondes not only an annotated compendium of the organisms, but also informar 
tion concerning their hosts, localities, and incidence. Even a cursory examination 
of this Table will disclose the number and variety of organisms which, under 
.’Suitable conditions, may become parabites of man. It will undoubteffiy afford 
a surprise to most readers, and demonstrates the importance of the diseases of 
lower animals to human welfare. 
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RED CELL CYTOCHEMISTRY 
AND ARCHITECTURE 


By Eric Poxder 
Tht Xansnu Ho^p^ta^. }f^neo<a, X. Y, 

INTRODUCTION 

Some twenty-five yearb ago, tiiscu^siun about red cell 'structure wa> 
confined to enquiries tin to the chemical composition of the cell, to 
v'hether it has or has not a surface membrane, whether ir.^ interior is 
fluid or gel-like, and as to the validitj' of certain rather general theories 
regarding its biconcave discoidal shape. Conditions of greater com- 
plexity have been brought to light by inve.stigations since that time, 
and it is now necessary to discuss, not only chemical compo>ition an<l 
gross structure, but ultrastructure or molecular architecture, and the 
j*esults of special molecular arrangements. From the standpoint of 
this publication on red cell production and destruction, the important 
thing is that we appreciate the nature of the oljject which is to be pro- 
duced or destroyed. Since the object is complex, the pruce&.'-es in- 
volved in its production, and even the processes iiivoh^ed in its destruc- 
tion, are probably also very complex. There are enormous gaps to be 
filled between the enumeration of the substances required to make up 
the red cell and an understanding of how these substances come to be 
arranged in the way in which they are, but we are still at the stage ijt 
collecting observations and cannot expect to see more than the out- 
lines of the picture. 

THE MATERIALS AVAILABLE 

The quantities of material available fur constructing the red cell are 
found hy chemical analysis, either of the cells or of their ghosts. In 
some cases, this is done by determining the amount of a substance, 
cholesterol, present in whole blood and also in plasma. The volume 
concentration of the cells is then measured, and the quantity of the sub- 
stance in the cells is calculated. This kind of determination is some- 
times subject to serious en’or, because of uncertainties attached to the 
volume concentration measurements. It is, therefore, better to start 
with a mass of packed cells and to analyze them directl^'.^ :Many 
values, how'ever, have been found by the analysis of ghosts, stromata, 
*^fixed framewwk/' or ‘‘post-hemolytic residues.’’ These can be pre- 
pared in various waj^s, some more satisfactoiy than others.- The first 

( 57 ») 
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difficulty is to obtain a reasonably good yield of the ghosts, and the 
second is to obtain ghosts which are reasonably free of hemoglobin, 
t\hich tends to be adsorbed on the material of the ghost, or which may 
even be combined with a structural component in the intact cell. Hemo- 
Is^zing the cells with water and precipitating the ghosts by saturating 
the hemolysate mth CO 2 , and subsequently washing the precipitated 
material vith COs-saturated hypotonic saline, gives faiiiy good results, 
as also does a method in which the cells are hemolyzed in a hypotonic 
medium and washed, by means of a supercentrifuge, with a citrate 
buffer at pH 0.0. The ghosts prepared by these methods contain a 
varying amount (ox, 6 per cent; sheep, 2 per cent; and man, 10-30 per 
cent) of hemoglobiu, and there are also unexplained variations in the 
final hemoglobin content. This contamination of the ghosts with 
hemoglobin may introduce errors into several kinds of chemical deter- 
mination of the composition of the stroma material. Other uncertain- 
ties may be introduced because the lysis of the cells and the washing of 
the ghosts may result in the removal of substances other than hemo- 
globin. The analysis of the ghosts, after the contribution of the re- 
tained hemoglobin has been allowed for, thus gives a minimum value 
for the materials available for constructing the framework of the cell. 
In some cases, it is possible to show that this minimum value is also the 
actual value: e.g., all the lipids found in the red cells of man are also 
found in the ghosts.^ Considerations such as these help us in deciding 
which components of the cell are parts of the framework, and which are 
loosely held or even available for transport. 

Drabkin'* has pointed out the advantages of expressing the quantities 
of the various red cell components in moles per ceU, or, normally, in 
moles per QOw of volume. When the amounts are expressed in this 
way, one sees relations which are not apparent when the amounts are 
expressed in units such as mg./ 100 ml. For example, the molar con- 
centration of hemoglobin per cell of 90/** volume is 5.7 x 10“*® M, and 
that of glucose is 3.7 x 10“*® IM. These concentrations are nearly the 
same, a fact which is not immediately apparent when we say that the 
hemoglobin concentration is 34 gm. 100 ml. and the glucose concentra- 
tion 75 mg. 100 ml. of cells. As a further example, the molar concen- 
tration of cholesterol per cell, 2.3 x 10“*® M, is about the same as that of 
hemoglobin. This may be coincidental, but it raises the possibility of a 
protein-lipid combination which has to be considered before it is re- 
jected. So far as cellular architecture is concerned, units such as 
mg./100 ml. are of relatively limited usefulness. In table 1, I have 
therefore reduced a number of the values as usually given to moles per 
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Taslb 1 


CJoMPOsmoN OP THE NORMAL Hlman Erithrocytb 



10-“gm./cell 

10“i® meq./cell 1 

1 10-^8 M/ceU 

Hemoglobin 

29 


5.7 

Minerals 

0.6 

I 

1 — 

Na 


15 ' 

1 

K 


89 


Cl 


45 1 


Bicarbonate 


15 1 


Water 

63 


— 

Total lipid 

0.43 

1 

, — 

Phospholipid 

0.23 


1 5.0 

' (as lecithin) 

1 

Alcohol-soluble 


1 

phospholipid 

0.184 


— 

Neutral fat & 


1 

1 

cerebrosides 

0.044 


— 

Cholesterol 

0.11 , 

1 

2.0 

Free cholesterol 

0.10 


1.9 

Non-hemoglobin protein | 

0.78 


0.05 



(M. W. = 200,000 ?) 

Glucose 

0.075 


3.7 


red cell of 90/t* volume. The number ol molecules of the substance per 
ceU, or the molecular population, can then be found by multiplying the 
molar concentration per cell by Avagadro’s number. Thus, there are 
6.02 X 10®® X 5.7 X 10~^® = 3.4 x 10® molecules of hemoglobin, and 
6.02 X 10®* X 3.7 X 10~^® = 2.2 x 10® molecules of glucose per red cell. 

ARCHITECTURE 

The next problem is that of allocating the constituents to their places 
in the intact cell. Historically, this problem has been approached in a 
rather elementary way, by making various degrees of distinction be- 
tween the cell envelope and the cell interior. According to one classi- 
cal theory of red cell structure, the erythroc 3 rte is a balloon-like body in 
which an external envelope encloses a fluid and structureless interior 
containing hemoglobin and salts in solution. This conception of the 
red cell, which dates back to Bidloo in 1685, is associated with the 
names of Schwann and of Hewson, and more especially with that of 
Norris (1882), who developed it into a theory to account for the bicon- 
cave discoidal shape of the cell, using as an analogy the biconcave shapes 
assumed by droplets of myelin. Norris thought that the special shape 
of the erythrocyte is due to a spreading-out tendency of lipid molecules 
in the envelope, balanced against surface tension forces which would 
ordinarily cause a fluid object to become spherical when immersed in 
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another fluid. This point of view was defended, particularly by 
Schafer, against that of Rollett (1832), who regarded the red cell a'' 
composed of a colorleas matrix or stroma, in the meshes of which the 
hemoglobin is held. A modification of this conception is that the 
hemoglobin is actually combined ^sdth the matrix material. Rollett’s 
theory does not try to account for the peculiar shape of the erythrocyte, 
but both Gough® and Teitel-Bernard® have suggested that the mole- 
cules of the matrix or the molecules of the hemoglobin repel each other- 
more in one direction than in another, and so become oriented prefer- 
entially. The observations made in the course of this classical con- 
tro^'ersy were not able to decide the matter one waj' or the other, 
principally because the idea of a surface envelope and the idea of an 
internal structure ar-e not mutually exclusive. Microscopic examina- 
tion of the intact red cell, whether with direct illumination, with the 
dark field, with ultraviolet light, or with the ultramicroscope, neither 
demonstrates that there is an internal structure, nor proves its absence. 
Evidence from microdissection is equallj’- inconclusive, for, under some 
conditions, the cell disappears w’hen punctured, whereas under other- 
conditions a jelly-like mass remains. Looking back over the con- 
clusions, based on twelve different kinds of investigation, discussed in 
my monograph^ as bearing on the question of the “balloon-theory” 
versus the “gelatin lozenge theory,” I find that three are based on in- 
correct observation or inference, four are inconclusive, and two, in the 
light of our present knowledge, indicate the very opposite of W'hat they 
w'ere once supposed to prove. Collecting w-hat is left, there is evidence 
(as of 19341 that the red cell has a much lower conductivitj" (less than 
1 per cent) than that of plasma or isotoiric XaCl, that this is probably 
due to a non-conducting surface .stnrcture, and that this surface struc- 
tur-e probably acts differentially as a barrier to diffusion; that the cell 
as a whole has a measurable metabolism, and therefor-e something 
which corresponds to the cytoplasm of other cells; that the hemoglobin 
in the interior is present in a concentration which would exert an os- 
motic pr-essure of about 1 at. if in simple solution®; and that the com- 
ponents of either the surface structrrre or the inter-nal structure or both 
are so arranged as to give the cell its characteristic biconcave discoidal 
shape. 


Disk-Sphere Transformations Produced by Lysins 

The characteristic shape of the mammalian red cell must be inti- 
mately related to its architecture, and the problem of how’ the shape is 
maintained can be approached by examining the conditions under 
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which it is changed, particularly tho^e under which it is changed re- 
versibly. The change which occurs on the addition of a lysin such as 
saponin to a suspension of washed red cells is representative of reversi- 
ble shape changes in general, and can be observed by adding 0.2 ml. of 
a washed red cell suspension to 0.8 ml. of saponin saline in a dilution of 
about 1-20,000. A drop of the mixture is removed from time to time 
and examined on a plastic slide, either uncovered, or covered with a 
plastic coverslip. 

At first, the red cells in the preparation are almost perfect disks, but, 
after a minute or so, some of them begin to crenate, and the number 
which do so increases as time goes on. By observing them as they roll 
over with currents in the fluid, it can be seen that they are essentially 
discoidal, although they may have many coarse crenations. If one 
follows the shape change which one of these cells undergoes, one sees 
that the crenations become smaller and more numerous, until the whole 
surface is covered with them, and that the discoidal shape is gradually 
lost. As the cell rolls over in the fluid, it is now no longer a crenated 
disk, but a crenated sphere. This stage does not last long, for the 
crenations become finer and finer and soon are not resolvable as crena- 
tions at all. The cell then has the appearance of a smooth glistening 
sphere. Quite quickly, this stage is succeeded by that of the prolytic 
sphere. The glistening propert}^ of the surface is replaced by a uni- 
form duskiness, and the margin of the cell is surroimded by a brilliant 
diffraction band, and after a time which varies from a few seconds to a 
few minutes, the prolytic sphere hemolyzes and fades from view. The 
process of fading takes about 12 seconds in a saponin concentration of 
1007/ml. This interval is knowm as the ^‘fading time.'' At the end of 
the fading time the ghost is almost imisible, but, if ghosts are collected 
by suitable methods, they are usually found to be more or less spherical 
in shape. 

Shape changes such as these have been described for so many hemo- 
lytic systems containing such a variety of l}iiic agents that they can be 
looked upon as the almost invariable accompaniment of the process 
which terminates in hemolysis. The following lysins produce substan- 
tially the same shape changes when added to suspensions of any type 
of mammalian erythrocyte upon which observations have been made; 
the saponins, including digitonin, the bile salts, the soaps, the anionic 
sulphate detergents with chains of from 8 to IS carbons, brilliant 
green and other triphenylmethane dyes (eosin, er^^hrosin, and rose 
bengal, ^vith or without exposure to light), lecithin, either from eggs or 
from soybean, cephalin, colloidal silicic acid plus complement, and 
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amboceptor plus complement. The shape changes are not necessary to 
the process which results in the liberation of hemoglobin from the cell, 
for, under special conditions, hemolysis can occur without the pre- 
liminary shape changes.*® Nevertheless, the problems associated ndth 
the disk-sphere transformations of the normal mammalian biconcave 
disk can be approached from the following point of view. 

The addition of lysin to a suspension of red cells initiates a process 
which ordinarily ends in hemolysis. In the course of this process, the 
cell imdergoes its series of shape changes, the biconcave disk becoming 
a crenated disk, a crenated sphere, a smooth sphere, and a prolytic 
sphere in succession. We can accordingly think of the biconcave dhsk, 
the crenated disk, etc., as a series of metastable forms with decreasing 
surface area, through which the cell has to go on its way towards lysin. 
This general statement, however, has to be qualified, in that the stages 
of the lytic reaction at which the various forms appear do not seem to 
be the same for all lysins. This can be illustrated by comparing the 
case in which 25y of saponin is added to a red cell suspension, with the 
case in which 5Q0y of disteaiyl lecithin is added to the same suspension. 
In the case of the saponin, the shape changes occur slowly, and for as 
long as half an hour there may be no change except for commencing 
crenation. Thereafter, however, the shape changes are rapid; the cell 
becomes a sphere, and hemolyses within a minute or so. When leci- 
thin is added, on the other hand, all the cells become perfect spheres 
within less than a minute, but the appearance of prolytic spheres and 
the subsequent hemolysis takes much more than half an hour. 

Lysins such as digitonin and the soaps produce the shape changes in 
approximately the same time-sequence as the saponins, while sub- 
stances such as cephahn, dyes of the fluorescein series, and the S 3 m- 
thetic anionic detergents bring about the changes in approximately 
the same time-sequence as lecithin. The substances in the latter class 
are, accordingly, those which we use when we want to turn disks into 
sphere, so as to study the properties of the spherical form. It is not 
clear, at the present time, what the differences in time-sequence are 
due to, and a more detailed investigation may show that each lysin in 
association with each different type of red cell produces shape changes 
in a time-sequence of its own. One way of looking at the matter is to 
suppose that there are two cell components involved, the first con- 
cerned with mechanical nudity and the maintenance of the biconcave 
ihape, and the other concerned with the prevention of the outward 
c iffusion of hemo^obin. The effects which the lysin produces on the 
f rst component are nearly always apparent before th(»e which it pro- 
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duces on the second, and we can imagine that lysins such as lecithin 
affect the “rigidity component” very much more rapidly than they do 
the “permeability component,” whereas lysins such as saponin produce 
their effects on the two components more nearly simultaneously. The 
same idea can be expressed in various ways. Instead of speaking of two 
components, we might, for example, speak of two stages of disintegra- 
tion of the same structure, the first of which is reached more rapidly in 
the case of some lysins (e.g., lecithin) than in the case of others. To 
give the terms a definite, if temporary, meaning, we may think in the 
meantime of the shape component as being a supporting ultrastruc- 
ture, probably, but not necessarily, situated at the siuface of the cell, 
and of the permeability component as being a layer or membrane, only 
a few molecules thick, situated somewhere in the thickness of the 
ultrastructure. 

Composition of the Surface Ultrastructure 

The quantity of fixed framework in the red cell, by which is meant 
the quantity of material which remains in the ghost after the cell has 
been hemolyzed by hypotonic solutions, has been estimated by direct 
weighing* and by a calculation from the phospholipid content of red 
cells and of ghosts.^* The figure varies in different animals from 1.2 to 
4.2 per cent by dry weight of the total material in the intact red cell, 
the mean value for the human erythrocyte being 3.4 per cent. From 
one point of view, this should be a minimum value, because substances 
'other than hemoglobin may be lost in the process of hemolysis. These 
are probably proteins such as the anti-sphering substance and the 
globulin which is found in the supernatant fluid during the washing of 
ghosts. On the other hand, the ghosts are always contaminated with 
varying amounts of hemoglobin, and this tends to make the value for 
the fixed framework larger than it would be otherwise. So far as the 
lipids are concerned, however, there is satisfactory evidence that at 
least 90 per cent of these substances present in the intact cell are also 
present in the ghost. 

The question as to how much of the material which makes up the 
fixed framework can be regarded as composing the surface ultrastruc- 
ture is not so easily disposed of, because the answer depends on whether 
the ghost is an empty balloon-Uke structure or a body with a gel-like 
interior surrounded by denser surface layers. Until this is decided, 
the best that can be done is to see what the composition of the surface 
structure would be, on the assumption that all the material of the fixed 
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framework goes into its construction. This will tend to give maximum 
values, but several conclusions can be arrived at, at least tentatively. 

a. Thickness. Since the fixed framework constitutes 3.4 per cent by 
dry weight of the material in the intact human red cell, the thickness of 
a surface structure which contained all the material would be about 
190 A, assuming a density of 1.0. A variation of +1 per cent in the 
figure for the fixed framework would correspond to about +60 A in 
the thickness. It should be noticed that this calculated thickness does 
not allow for the possible contribution of water, and that the value 
tends to be a maximum one because of the contamination of the ghosts 
with hemoglobin. 

b. Materials available. The average lipid content of the ghosts of 
human erythrocsdes is 4.7 mg./ml.“ This gives 430 x 10~** mg. per 
cell, or 2.6 x 10“^* mg. per /i* of ceU surface. Assuming a densitjr of 0.8, 
this quantity would form a layer at the cell surface only 31 A thick. 
The total cholesterol content for human ghosts is 1.2 mg./'ml. of cells, 
110 X 10“*® mg. per cell, and 0.69 x 10““ mg. per /t® of surface. This 
quantity is too small for the formation of a complete monolayer, since 
there is only one cholesterol molecule per 1000 A® of surface. About 33 
per cent of the total lipid in the human red ceU is cephalin, 21 per cent 
lecithin, 20 per cent cholesterol, and 5 per cent cholesterol ester, but 
the proportions of these fractions, as well as the total value for the 
lipids, varj”^ greatly in the red cells of different animals. In the case of 
the cells of the rabbit, the rat, and the ox, for example, the lecithin 
represents only from 6 to 12 per cent of the total lipid, while from 5 to 
10 per cent appears as an unidentified ether-insoluble fraction.®- *'*• ** 
In addition to the lipids, human erythrocytes contain about 0.4 mg./ml. 
of what is usually called neutral fat but is probably a mixture of 
cerebrosides.*® 

The quantity of the protein component in the fixed framework is 
from 1.3 to 2.3 times that of the lipid and, in the red cell of man, is 
about 8.6 mg., ml. or 780 x 10“*® mg. per cell. Assuming a density of 
1.3, this would make a layer, at the surface of the cell, about 37 A thick. 
The protein can be obtained almost free of hemoglobin by preparing 
ghosts by the CO 2 method, adding them to 0.02 M acetate buffer at pH 
4.6, and washing the agglutinated material with dilute acetic acid. An 
extraction with ethanol-ether removes the lipids.*® The protein, now 
known as stromatin, is very insoluble, and was recognized by Jorpes to 
be a “protein svi generis”^* because of its amino acid composition. 
Later analyses have shown that the only other class of proteins having 
similar properties is the keratins.**' *■* The amino acid composition of 
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atromatin seems to be the same, irrespective of its source,*®- and the 
specific immunological reactions obtained with the red cells of different 
animals must depend on quite small differences in molecular structure. 
On the basis of physical properties such as viscosity and double refrac- 
tion of flow, Boehm*® has described stromatin as a protein with a verj’ 
high asymmetry number (like fibrinogen), but doubt has been thrown 
on these results by Furchgott,*® who has found that the method of 
preparation which Boehm describes results in a suspension of fine par- 
ticles derived from disintegrated ghosts, rather than in a solution of 
monodisperse proteins. Boehm’s idea that stromatin may form gels 
containing a very low percentage of protein, nevertheless, still remains 
a possibility, in which case as small a quantity as 0.5 per cent by 
weight could form a gel-like matrix occupying the red cell interior. 

It is certain that stromatin is not the only protein, other than hemo- 
globin, in the red cell. Stem has separated two protein components, 
in addition to hemoglobin, by electrophoresis, and one of these is 
probably stromatin.*® A globulin is found in the supernatant fluid, in 
the course of the preparation of the insoluble stromatin, and the “anti- 
sphering factor,” an albumin, is readily removed from the surface of 
the intact erythrocyte. 

From the analytical data, there must be about 90 lipid molecules for 
each protein molecule in the fixed framework, and there is evidence that 
from 40 to 60 per cent of the lipid is boimd to protein as lipo-protein,** 
with considerable differences in the percentage in different species. 

c. TJie contribution of water. While the amounts of lipid and of 
protein, estimated in the dry state, are sufficient to form a layer only 
about 70 A thick, the actual thickness of the surface ultrastructure 
which they compose depends on the extent to which they are hydrated. 
Direct measurements of the thickness have been made with the lepto- 
scope,*® and the thickness has been inferred from photographs taken 
with the ultramicroscope.** In the case of the rabbit ghost, the thick- 
ness found with the leptoscope is a function of pH with a maximum of 
220 A at pH 6.0. The thickness can be halved by extraction with lipid 
solvents. Since the lipids and proteins of the rabbit cell, as estimated 
in the dry state, would make layers 50 A and 72 A thick, the contribu- 
tion of water must be about 80 per cent by volume. Zwickau, working 
vith the ultramicroscope, sets the dry thickness at 200-300 A. If any 
substantial degree of hydration is allowed for, these values would give 
a thickness for the surface ultrastructure of from 300-400 A. It 
should be remarked, however, that there is good evidence that the 
thickness of the surface is not uniform. The leptoscope shows the 
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region of the biconcavity to be covered with a thicker structure than 
elsewhere, the dijfference amounting to about 30 A. After extraction 
with organic solvents, the contrast is even greater, indicating that the 
relative protein content in the region of the biconcavity is greater than 
elsewhere. It has also been shown that, when the biconcave cell is 
converted into a sphere, and the sphere subsequently reconverted into 
a disk, the biconcavities reappear at the same places on the cell surface 
as those which they first occupied, and that even crenations appear, 
disappear, and reappear at the same points on the surface.^ By spe- 
cial methods, even fine structure can be observed in the surfaces of 
ghosts, and a fibrillar composition has been reported on the basis of 
examination with the ultramicroscope.®® 

d. Arrangement of the components. Examination of ghosts wdth the 
polarization microscope shows that the surface structure is optically 
quite similar to that of the axon sheath of invertebrate nerve, being 
referable to two components, protein and lipid. The protein com- 
ponent has its long axis oriented tangentially, while the interspersed 
lipid micelles have their axes oriented radially.*® This radial arrange- 
ment of lipid probably corresponds to cephalin, lecithin, and sphyn- 
gomyelin molecules lying with their fatty acid chains side by side, and 
their phosphoric acid ends, bearing serine or choline, sticking out into 
the surrounding medium. It is these ionized polar groups which 
dominate the surface from an electrophoretic standpoint.** The iso- 
electric point of the intact cell is 1.7; that of the extracted hpid, 2.6; 
and that of the stroma protein, 4.7. Obviously, the cell surface is not 
a surface of stroma protein. Further evidence that the phosphatides 
are on the surface, or accessible through it, is provided by the fact that 
lipases break them down.** 

What is r^erred to as the red cell membrane, and hdd responsible 
for the permeability properties and for the impedance, is probably a 
specialized layer at the surface of, or in the thickness of, the ultrastruc- 
ture. Fiicke’s estimate of its thickness, on the basis of impedance 
measurements and an assumed didectric constant of 3, is 30 A,** and 
there is just about enough lipid to form a double-layered structure of 
this thickness, with the fatty acid chains of the two layers in contact 
with each other, the polar groups of the outer layer facing towards the 
surrounding medium, and those of the inner layer facing towards the 
cell interior. The principal objection to this simple conception is the 
lai^e amoirnt of lipid bound to protdn, which would lead to the orienta- 
tion of cephalin, lecithin, and cholesterol around the protein molecules 
or micelles, instead of in a continuous bimolecular layer. While the 
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cell surface is domiaated by lipid^ all of the lipid need not be at the 
surface. Part of it, for example, might form an oriented, although not 
continuous, layer deep to an oriented layer of the remainder, thus leav- 
ing areas of the surface to be filled in with protein, and giving the sur- 
face a complex mosaic structure. 

Sphere Formation and Changes in the Ultrastructure 

The way in which lysins act on the surface ultrastructure to produce, 
first, sphere formation, and later lysis, can be investigated by adding 
washed red cells to various lysins in decreasing concentration, and 
picking out the concentration in which perfect spheres are found, and 
also the concentration in which complete lysis occurs, in some fixed 
time and at a selected pH and temperature. Results for a number of 
lysins are shown in table 2. 


Table 2 


Quantities of Lysins (in 7) Rbquibbd for the Lysis and Sphering of 5 x 10^ 
Human Red Cells in 30 Minutes at 25® C. and pH 6.4 


Lysin 

For lysis 

For sphering* 

Saponin 1 

1 33 1 

15 

Na taurocholate 

250 

12 

Na glycocholate 

330 

33 

Na oleate 

20 

10 

Digitonin 

12 

8 

Distearyl lecithin 

018 sulphate 

16 

5 

2 

016 sulphate 

10 

2 

014 sulphate 

12 

1 

012 sulphate 

45 i 

4 

010 sulphate 

08 sulphate 

400 

40 

300 

Rose bei^al (dark) 

40 

i " 


* These values are correct to the nearest power of 2. 


The sphere-forming and lytic substances include some, such as the 
synthetic detergents, which probably react with both the protein®^ and 
the lipid of the ultrastructure, and others, such as digitonin, which are 
usually regarded as reacting with lipids. There are still others, such as 
lecithin, which we do not usually think of as having a tendency to form 
compoimds with either lipids or proteins. The distinction between 
reactions with proteins and reactions with lipids, however, is not verj' 
meaningful, both because substances such as digitonia react with pro- 
teins as well as with lipids,®® and because the cell surface contains lipo- 
proteins as well as lipids and proteins. A complex ultrastructure. 
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composed of a number of components and deriving its mechanical 
strength from the special way in which these components are linked 
togetW, can be made to collapse in a variety of ways. One point, 
however, stands out clearly: Certain substances can produce the disk- 
sphere transformation, and can even bring about lysis, when they are 
present in such small concentrations that they cannot cover the cell 
surface with a monolayer. The detergent sodium tetradecylsulphate 
(C-14), for example, produces sphering when there is only one molecule 
per 520 and lysis when there is only one molecule per 44 A.*, of cell 
surface as a minimum. Rose bengal in the dark produces sphering 
when there is one molecule per 400 A® of surface, and the same dye in 
sunlight produces lysis when thereis as little as one molecule per 10* A* 
of surface. These examples show that there is no basis for the idea^ 
that a lysin must form a monolayer at the red cell surface before it can 
bring about hemolysis. Reckoned on a mole-to-mole basis, on the 
other hand, we find that sphering is produced when there is approxi- 
mately one C-14 molecule for each protein molecule in the ghost. Re- 
lations of this kind are more likely to yield information about the 
mechanism of tysis than are calculations of the number of molecules per 
unit of surface, although they lead away from stoichiochemistry into 
the less explored fields of complex formation. 

It is not difficult to imagine that a reaction v ith one C-14 molecule 
might disturb the equilibrium between a protein molecule and its 
neighbora, each with its 90 associated lipid molecules, and so bring 
about a shape change through a modification of the intermolecular 
forces in the ultrastructure. It should be noticed that the phenomena 
are not only strictly quantitative but, up to a point, reversible. Thus, 
5 X 10® molecules of C-14 per cell produce crenation of the disk, 10" 
molecules produce many fine crenations and a crenated spherical form, 
and 3 x 10^ molecules are sufficient to bring about perfect sphering. It 
can be supposed that the detergent molecules combine vith the mate- 
rial of the ultrastructure, that crenation occurs if the regions affected 
by the combination are few, and that a complete collapse of the struc- 
ture which maintains the discoidal shape takes place if the regions 
affected bj' the combination are still more numerous. Up to this 
point, however, the shape change is reversible, either by washing off 
the detergent, or by adding plasma or a number of other ‘‘reversing 
substances” to the system. All these reversing substances, e.g., ben- 
zene, chloroform, and the plasma proteins, have a high affinity for the 
sphering agent, and it can be shown that the reversal of the dialf sphere 
transformation is a phenomenon as quantitative as the transformation 
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itself.®^ The combination which causes the ultrastructure to lose its 
special shape is, accordingly, a loose one in the first instance. The 
loose combinations between sphering agent and cell component soon 
become replaced by more permanent ones, and the surface, already 
collapsed with respect to its shape, now collapses still further. The 
sphere passes into the prolytic sphere, the structure disintegrates so 
much that hemoglobin is lost into the surrounding medium, and the 
cell hemolyses. These last stages of the process are irreversible. 

The Shape Transformation between Glass Slide and Coverslip 

A special type of disk-sphere transformation, in which it is certain 
that a protein component is involved, is the change from disk to sphere 
which occurs when washed mamm alian red cells are placed between two 
closely applied glass sinfaces, such as slide and coverglass. This 
shape change was first observed by Hamburger in 1895.®* He thought, 
however, that it takes place when washed cells are freely suspended in 
a saline or a sugar medium. Brinkman and van Dam®* corrected the 
origmal description by pointing out that the shape change does not 
occur unless the cells are placed in a hemacytometer chamber for 
counting or observation. They thought that the cause of the change 
is that the cells receive an electrostatic charge from the glass, an idea 
which was supported by McGlone,** and by Hasten and Zucker,“ but 
which is now abandoned. The essential condition appears to be that 
the cells should be enclosed in a small volume of fluid between closely 
applied surfaces of glass (not surfaces of quartz or plastic), the phe- 
nomenon being seen to its best advantage when a small drop of a sus- 
pension is placed between a glass slide and a glass coverslip. The cells 
then turn from diakR to spheres without change in volume, passing 
through the various stages of crenation as they do so, and the rapidity 
with which the transformation occurs depends on how closely the sur- 
faces are applied, i.e., on the surface-volume relations in the system. 

The change in shape from disk to sphere is due to two factors: the 
diffusion of alkali from the glass surfaces, so that the pH of the medium 
surrounding the cells rises to 10 or 11, and the adsorption of an “anti- 
sphering factor” on the glass.*® This substance is derived from the 
cells. It cannot be removed from them by washing in saline, but can 
be removed by running a cell suspension over glass beads, on which it 
is adsorbed. The cells of the bulk of a suspension treated in this way 
become spheres at pH 9, whereas cells in the bulk of an untreated sus- 
pension do not sphere until the pH is raised to between 10 and 11. The 
anti-sphering substance has been identified as the carbohydrate-pooi 
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fraction of serum albumin,** and so is present in serum or plasma. For 
this reason, the shape change does not occur between slide and cover- 
glass if serum is present, and the addition of serum, even diluted 1 in 25, 
brings about a change from sphere to disk if spheres are present 
initially. 

The quantity of anti-sphering substance taken up by red cells pre- 
viously deprived of it by adsorption of the substance on glass is about 
800 mg., 100 ml. of cells. This quantity is sufficient to form a layer 
about 50 k thick at the red ceU surfaces, and so would be an important 
component of a surface ultrastructure which is only some 200 k in 
thickness. It is remarkable that the taking-up of such a large quantity 
of the substance does not change the electrophoretic properties of the 
cells,** which suggests that the substance does not merely form an 
adsorbed layer, but passes beneath the surface to fill specific places in 
the ultrastructure and, thus, to contribute to the maintenance of the 
discoidal shape. 

Shape Changes and Volume Changes in Hypotonic Media 

While hemolysis by saponin and other chemical lysins involves a 
shape change from disk to sphere, lysis in hypotonic media involves 
both shape changes and volume changes 

a. Shape changes. When red cells are examined in slightly hypo- 
tonic plasma, the increase in volume is found to be accompanied by 
different shape changes in the case of different cells. Some retain 
their biconcave shape, increasing in volume by increasing their thick- 
ness uniformly, or by becoming a little thicker at the ends. Others 
become cup-shaped, and still others spheroidal. If the cells show 
crenation in an isotonic medium, the crenation may persist in the hypo- 
tonic medium, so that a crenated cell may be seen side by side with a 
cup-shaped or a spheroidal one. The most superficial observation 
shows that the individual red cell does not behave like a balloon sur- 
rounded by a uniform and non-elastic membrane. The behavior of 
the cdls even suggests that their structure may be sufficiently rigid to 
resist deformation to an appreciable extent. 

As swelling proceeds, the diameter of the average cell decreases about 
8 per cent. This would be expected of a spheroidal body invested with 
an elastic envelope, and, if we trace the changes in ^ape and area 
which accompany swelling, we get a diagram which is incompatible 
with anything except a body with rigidity of form.®* We find that the 
area of the cell increases very slightly as swelling proceeds, and that the 
increaring volume is accommodated through a decrease in the length 
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thickness ratio (a, b ratio) ; the constancy of the surface area must 
mean that the extensibility of the cell surface structure is not great. 
As swelling continues, a point is reached at which some structure gives 
way suddenly, so that the cell becomes a sphere. This sudden change 
in shape involves a decrease in the cell surface. With further swelling, 
the radius of the sphere increases, until lysis takes place at what is 
known as the “critical volume.” It has been shown that this critical 
volume is reached when the surface area of the sphere is just equal to 
the surface area of the original disk.®®> ** This is probably true only in 
a general sort of way, because the critical volume is larger under some 
circumstances than under others, e.g., in the guinea pig after splenec- 
tomy,*"' or in the rabbit when the cells are suspended in hypotonic 
plasma, instead of in hypotonic saline.**® 

When the critical volume is reached, the cell hemolyzes and the 
stretching forces disappear, but the hemolyzed ghost rapidly returns 
more or less completely to the biconcave discoidal form of the cell from 
which it was derived. This in itself is evidence that the fixed frame- 
work has elasticity and rigidity of form. It is remarkable, however, 
that the ghosts are unable to undergo disk-sphere transformations 
upon the addition of lecithin, of saponin or the bile salts, or of rose 
bengal.®’ Some factor necessary for sphering seems to be missing. 
We shall see later that the absence of forces generated m the cell in- 
terior is probably responsible for the difference in behavior. 

b. Volume changes. Let us assume that the mammalian red cell is a 
balloon-like body, invested with an envelope or membrane which does 
not appreciably resist the changes in volume brought about by osmotic 
forces. Let us also assume that its interior is initially in osmotic 
equilibrium with the surrounding medium (plasma), and, further, that 
the volume changes which take place in a hypotonic medium are the 
result of the transference of water alone and are unaffected by the high 
concentration of hemoglobin in the interior. On these assumptions, 
we can derive the new volume of the cell in a medium of tonicity T: 

V = - l) -b 100. 

Here the initial volume of the cell in an isotonic medium is denoted by 
100, the percentage of water by W’, and the tonicity T is defined as the 
ratio of the depression of freezing-point of the suspension medium to 
the depression of freezing-point of the plasma itself. If the osmotic 
behavior of the red cell can be described in this verj- simple way, we 
refer to it as a “perfect osmometer.” The following relation between 
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volume and tonicity, for example, would be found for a perfect osmom- 
eter with TT = 70. — 

T 1.0 0.9 0.8 0.7 0.6 0.6 

V 100 108 117 130 147 170 

There has been a great deal of controversy as to whether or not the 
Tn a,Tnnia. lian red cell behaves in this way. The question has been com- 
plicated by uncertainties about the reliability of methods for measur- 
ing red cell volume, but the whole matter may be summed up’* by 
saying that the erythroc 3 rte sometimes behaves as a very good, if not 
perfect, osmometer, but that it sometimes swells to a smaller extent, so 
that 

V = Bw(^^ - l) -H 100, 

where 12 is a constant (sometimes a function of T) which has to be 
introduced “to reconcile observation with simple osmotic theory.” 
For 12 = 0.5, for example, the relation between V and T for a cell with 
TT = 70 would be: 

T 1.0 0.9 0.8 0.7 0.6 0.5 

V 100 104 109 115 126 135 

More specifically, it has been foimd that red cells from heparinized^® or 
defibrinated’® blood behave as almost perfect osmometers (12 = 0.9 
to 1.0), whereas cells from oxalated blood behave as osmometers with 
R = 0.5 to 0.7. Cells in h 3 rpotonic plasma also behave as better 
osmometers than cells in hypotonic saline.®® In general, it seems that 
the value of R depends on the conditions under which the experiments 
are conducted. 

Several suggestions have been made as to the meaning of the con- 
stant R. The first is that it measures the fraction of the cell water 
which is free, the remainder being bound. To account for the observed 
variations in 12, this explanation requires that the quantity of free 
water shall vary from about 50 per cent of the total cell water to about 
100 per cent of it, and in the normal red cell it is very doubtful whether 
more than about 5 per cent can be considered bound.*’- ** The second 
explanation is that the ceU reaches osmotic equilibrium by losing os- 
motically active substances, as well as by gaining water, the fraction of 
the total osmotically active substance lost being (1 — 12) (1 — T). 
The quantity of salts lost from red cells into hypotonic media, however, 
is much smaller than this explanation requires.*® • **■ *®- ** A third 
explanation is that much of the anomalous osmotic behavior is due to 
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the osmotic properties of hemoglobin, since the osmotic activity-con- 
centration curve for hemoglobin is convex to the concentration axis, 
even though the concentrations are expressed in terms of the water 
which is solvent water for cr3rstalloids.^® 

Each one of these explanations for the anomalous osmotic behavior 
has its place in the complete statement as to how the cell swells in hypo- 
tonic media and shrinks in hypertonic media. A still more important 
condition, however, appears to be the presence or absence of crenation. 
The crenation seen in hypertonic, isotonic, and hjrpotonic media must 
not be confused with that other crenation which occurs as the disk 
turns into the sphere when lysin is added, or when the cells are enclosed 
between glass surfaces. The latter is a fine crenation, which becomes 
finer and finer until the cell is a smooth sphere, whereas the former is a 
coarse crenation which corresponds to a local gelation of hemoglobin.^* 
Nor must it be thought that crenation is accompanied by a diminution 
of cell volume. This idea has been completely abandoned, and we 
now regard crenation as a loss of the ability of the cell to maintain its 
special shape. The importance of the coarse form of crenation lies in 
the fact that there is a relation between the extent of crenation, as ob- 
served microscopically in preparations of red cells in heparinized and 
oxalated plasma, and the i2-value obtained by measurement of their 
swelling in the same plasma, when it is rendered hypotonic.*’^ Cre- 
nated cells have a uniformly lower E-vaJue, and one way of accounting 
for this is to say that such cells swell as if they were elastic bodies with 
a bulk modulus of the same order as that of 2 per cent gelatin, instead 
of swelling as perfect osmometers. Generally speaking, the less the 
crenation, the higher the value of R, until we arrive at the case of the 
totally uncrenated red cell from heparinized or defibrinated blood. 
The swelling of this cell in a hypotonic medium may be so like that of a 
perfect osmometer that we cannot detect the very small resistance 
offered by superficial and internal structures. 

c. ParacrystaUine rat red cells. An extreme case of anomalous os- 
motic behavior which is clearly associated with gelation occots when 
rat red cells in isotonic citrate are kept at low temperatures (4® to 
9° C.). The resistance of the cells to hypotonic hemolysis increases so 
that, after several days, very' little swelling is observed in hypotonic 
media, and the cells do not hemolyze even in distilled water.** In 
this and in other respects, they behave as if they were gelated or 
paracrystalline, but the paracrystalline state is reversible, disappearing 
on warming to 37® C. and reappearing within a few minutes when the 
cells are cooled again to 4® C. The failure to swell in hyrpotonic media 
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cannot be due to the cells losing E to such an axtent that the concen- 
trations are equal inside and outside, for the concentration of K is at 
least 20 times as great inside the cell as in the hypotonic medium, and 
the failure to hemolyze seems to be due to the activity of K in the para- 
crystalline cell interior approaching zero. These paracrystalline red 
cells do not imdergo disk-sphere transformations, probably because 
they are too rigid. Lysis by saponin and similar lysins occurs without 
sphere fonnation, and a granular debris is left behind. The best evi- 
dence that these changes in the properties of the cell are really due to 
new molecular arrangements in their interior is that they are strongly 
birefiingent. On their being warmed, the birefringence disappears 
except at foci along the rim, and the usual osmotic properties of the 
cell reappear. On cooling, the birefringence develops throughout the 
entire cell. It is this reversibility of state, from that which charac- 
terizes the normal cell to that of the paracrystalline disk, which consti- 
tutes the point of greatest interest, for the paracrystalline form and the 
normal disk can now be regarded as two metastable states of the same 
cell. The molecular arrangements in the paracrystalline red cell are 
more orderly than those in the hemoglobin crystal, while the arrange- 
ments in the normal disk are probably more orderly than those in a 
hemoglobin solution. In considering the behavior of the erythrocyte 
in hsrpotonic media of various tonicity and electrolyte content, it has 
been customary to approach *the problem from a very simplified osmotic 
standpoint, f.e., of what would occur in dilute solutions separated by a 
membrane. Since, however, the normal disk is a form which passes 
spontaneously and reversibly into the paracrystalline form, it is just as 
valid to approach the problem from the standpoint of what would 
happen in an expanded crystal. Here the activity of K would ap- 
proach zero, and the i?-value, obtained from measurements of swelling, 
would also approach zero, as in the paracrystalline rat red cell. In the 
normal disk from heparinized or defibrinated blood, on the other hand, 
the activity of K would approach its value for a 34 gm./100 ml. hemo- 
globin solution, and the jR-values would approach unity. Between 
these two extremes, all sorts of values are possible, these depending on : 
(1) the extent to which the paracrystalline state develops in the in- 
dividual cell, and (2) the fraction of the total number of cells involved 
in the change. As all values of if between 1.0 and zero have now been 
obtained experimentally, we seem to have a continuous series of states 
in the red cell interior, and, perhaps, at the surface as well. The os- 
motic and other properties characteristic of one state seem to pass into 
those of the next in a continuous and reversible way. 
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The Interior 

The most striking feature of the red cell interior is the intimacy 
with which the hemoglobin molecules must exist with respect to each 
other. Since the concentration of hemoglobin in the red cell is about 
34 gm./100 ml., the percentage of the total volume of the cell occupied 
by hemoglobin must be about 25 per cent (density of Hb., 1.35). The 
volume occupied by water is about 70 per cent, thus leaving about 5 
per cent of the space for aU the other constituents of the cell. The 
volume occupied by hemoglobin works out as a somewhat lai^er figure 
if the calculations are based on the x-ray dimensions of the molecule, 
probably because it is hydrated.* The intimacy of the contact of the 
hemoglobin molecules will be appreciated if w'e visualize each one as 
surroimded by a shell or atmosphere, and then calculate how thick this 
shell can be before it comes into contact with neighboring shells. The 
cell of 90/** volume contains 2.76 x 10® hemoglobin molecules, so the 
volume per molecule is 32.6 x 10* A®. Supposing the molecule to be 
spherical, the radius of each works out as 29.6 A. The whole volume, 
how^ever, would be filled with the same number of rigid spheres of 38 A 
radius in hexagonal packing. Hence, the thickness of the hypothetical 
shell surrounding each hemoglobin molecule is about 10 A. When w'e 
go out from the surface of a molecule for more than 10 A, we enter the 
shell of one of its neighbors. Accordiagly, if we remember that the 
radius of the hydrated Na ion is about 2.6 A, it will be easy to appre- 
ciate that ions, etc., present in the shells will be subject to conditions 
very different from those which prevail in dilute solution. Simplified 
osmotic laws are not likely to apply to such a system, and the ease with 
which gelation can occur will be apparent, for the wet hemoglobin 
crystal contains about 50 per cent of W’ater by volume, and the entire 
water content of the erythrocyte is only 70 per cent. Gels of human 
hemoglobin can, therefore, be obtained when the concentration of the 
hemoglobin is 63 gm./100 ml. This may constitute the reason for the 
finding of both Gough*® and Krevisky®® that only some 50 per cent of 
the red cell water is removable by any osmotic gradient which they 
w'ere able to establish. 

The idea that “hemoglobin is held in the corpuscle by union with the 
membrane’' is now abandoned. Such a surface concentration of hemo- 
globin was originally suggested by Burker®* on the basis of a supposed 
relation between the area of erythrocytes of different animals and their 
hemoglobin content, but the correlation itself was calculated from al- 
together unsatisfactory measurements of area,®* and if there is any rule 
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regulating the amount of hemoglobin in red cells in the mammalia, it is 
that the hemoglobin per unit volume tends to be constant.®* Drabkin’s 
computation that only 2 per cent of the hemoglobin in the human red 
cell can be anchored at the surface ought to settle this matter beyond 
further dispute. 

It is very much more difficult to decide the question as to whether 
the interior of the erythrocjrte contains a structural component other 
than hemoglobin. If stromatin has the characteristics described by 
Boehm,*® i.e., if its molecules are very asymmetrical and can form gels 
in concentrations of less than 0.5 per cent, it would be possible to form 
a network of stromatin molecules, winding among the hemoglobin 
molecules, with the small amount of protein left over from the amount 
relegated to the surface structure. At this point, we should remind 
ourselves that our conception of the surface structure is itself in doubt, 
and that the quantity of protein available to be spread through the 
interior may not be so small after all. Boehm’s description of the 
physical properties of stromatin has, furthermore, been questioned.** 
At first sight, one would think that the matter could be settled by ob- 
serving whether the hemolyzed ghost is an empty bag-like structure or 
a solid gel-fike structure. Unfortunately, it sometimes seems to be 
the one and sometimes the other. The impression gained by Furchgott 
(noicroscopical examination*®), by Zwickau (observations with the 
ultramicroscope*®), and by Waugh and Schmitt (leptoscopic examina- 
tion**) is that there is no internal structure in hemolyzed ghosts, and 
that the biconcave discoidal shape of the watery ghost depends on the 
architecture of the surface components. This does not preclude there 
being, in the intact cell, an internal structure or “c 3 rtoplasm” which 
breaks down when the cell hemolyzes, leaving an empty bag. When 
one examines the red cell ghosts described by Teitel-Bemard (micro- 
dissection studies**), the ghosts of the paracrystalline red cells,** or the 
unhemolyzed erythrocytes pierced by glass spicules,®* one has some 
difficulty in accepting the view that the interior is empty. A variety 
of such observations suggest, somewhat uncertainly, that the interior 
possesses structural components. 

o. The best evidence in favor of a “cytoplasm” comes from the ob- 
servation that some red cells are only partially hemoglobinized. The 
hemoglobin of the red cells in Cooley’s anemia, and in some cases of 
hypochromic anemia, is not uniformly distributed. Such cells contain 
areas apparently composed of a colorle^ material. Further, in the 
human h 3 T>ochromic erythrocyte, in which the distribution of hemo- 
^obin is uniform, some of the space which would normally be filled 
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with pigment is occupied by another substance of about the same den- 
sity.* It is possible that this is a colorless hemoglobin precursor. 
Similarly, the delicate, colorless material seen on the inside of the curve 
of the meniscocyte of sickle cell anemia may be a hemoglobin-free 
matrix, although it could be composed of two layers of surface ultra- 
structure in apposition, with no hemoglobin-fiUed “interior” between 
them. The interest attached to these observations lies in their show- 
ing that some types of red cell have at least two microscopically separa- 
ble components, one of which is colorless and may be a cytoplasmic 
matrix. This matrix material may be what is referred to in the older 
literature as “proteins other than hemoglobin,” sometimes amounting 
to as much as 7.8 gm./lOO ml. in the sheep*® and 4.3 gm./100 ml. in the 
dog.®' A very convincing demonstration of the heterogeneity of struc- 
ture has recently been provided by Beams and BBnes,®® who have strati- 
fied the rat red cell into three components with the ultracentrifuge. 
One of these is presumably hemoglobin, but the other two have not yet 
been identified. Because of this complexity of composition, the possi- 
bility that the red cell may contain a matrix or network of a protein 
such as stromatin has to be seriously considered. 

h. The possibility of such an intracellular matrix, together with the 
difl&culty with which red cells are freed of hemoglobin after they have 
been hemolyzed, has suggested to some investigators that the interior 
of the cell is composed of a hemoglobin-stromatin compound which 
breaks down when lysis occurs. Some physiologists, indeed, have gone 
to the length of saying that the phenomenon of lysis consists in the 
breakdown of such a compound, rather than in the membrane of the 
cell becoming permeable to hemoglobin. Once again, we are on very 
controversial ground. Some years ago, it was thought that positive evi- 
dence for the existence of a hemoglobin-stromatin compound had been 
obtained by the observation that the absorption band w'hich appears 
around 4300 1 (the Soret band) in the spectrum of hemoglobin in solu- 
tion is greatly reduced in intensity, or absent, in the spectrum of the 
intact red cell.®^ This result has been traced to purely technical 
difSiculties in the spectrophotometry of hemoglobin solutions and red 
cell suspensions,®®- ®® and it now appears that the pigment in the cell 
has substantially the same absorption spectrum as it would have in a 
solution of the same concentration. 

c. The concentration of hemoglobin retained by a bag-Uke structure 
would be expected to be the same as that in the surrounding medium, 
but the quantity found in the hemolyzed ghost is from 1.2 to 3.8 times 
greater, depending on the amount of water used to bring about hemo- 
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lysis.®“ The additional quantity, or the “suiplus hemoglobin,” would 
make up 4 to 14 monolayers at the surface of the ghosts. This figure is 
so high that it suggests that the pigment may be attached to a structure 
which is more extensive than the surface ultrastructure. This could 
be an internal network to which the hemoglobin might be bound, but 
the observation is not conclusive as to whether even a part of the pig- 
ment is held in the intact cell in combination. 

d. The remainder of the evidence bearing on a possible combination 
between hemoglobin and another structural component of the cell is 
very indirect. Roepke and Baldes*^ have observed that dog and horse 
hemoglobin undergoes a change of state after hemolysis, so that it 
crystallizes in mixtures of cell contents and plasma, while before hemo- 
lysis it is completely dispersed, in greater concentration, in the intact 
cell. This suggests that the pigment in the cell is not in a state of sim- 
ple solution. "We may remark that, if it were, it would be expected to 
have a higher osmotic pressure (380 mm. Hg at 0® C.) than it appears 
to have. Emphasis has also been placed on the fact that, in erythro- 
cytes, hemoglobin does not appear to occur in concentrations greater 
than about 35 gm., 100 ml., although this is not the upper limit of its 
solubilit 5 ’. This has suggested to some obseiwers that it is not present 
in simple solution. Lastly, the small rate of metabolism of the intact 
red cell (10 to 20 mm’./gm. hi-.) becomes greatly increased for a short 
time after the cells are hemolyzed,*’- and this suggests that the intact 
ceU contains substances which are kept apart by some spatial arrange- 
ment, and -nhich react energetically when allowed to mix freely. 

Even if there is no material other than hemoglobin in the red cell 
interior, it is possible that the interior has a sti-ucture, because the 
asymmetrical hemoglobin molecules are not only verj- close to each 
other but also preferentially oriented, so that the forces between them 
are greater in one direction than in another. This idea, which is by 
no means new so far as an explanaticm for the shape of the red cell is 
concerned, is convenientlj' approached through the consideration of 
the sickling phenomenon. 

The Sicklii^ Phenomenon 

The i-eversible phenomenon of sickling, in which mammalian red 
cells in wet sealed preparations lose their biconcave discoidal form and 
become like crescent moons or sickles, occurs in man in the pathological 
condition of sickle cell anemia, and also, without associated pathology, 
in the condition known as the sickle cell trait. The first of these condi- 
tions is familial, and the difference between it and the trait is probably 
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only one of degree. Sickling is not confined to man, for it has been 
observed both in deer*® and in elks. Since the red cell which finally 
undergoes sickling is a biconcave disk indistinguishable in appearance 
from the normal erythrocyte, it is convenient to refer to it as a prome- 
niscocyte, the sickle cell itself being called a meniscocyte. 

Sickling is primarily due to the decline of Os tension m the sealed 
preparation of promeniscocytes, as a result of red cell and white cell 
metabolism.**' **• *® After a period of time which varies with the 
thickness of the preparation, the temperature, and other factors, the 
promeniscocyte undergoes a decrease in its rigidity, so that it moves 
like a droplet of oil mth currents in the fluid surrounding it. The 
decrease in rigidity is followed by a thinning of the rim of the cell on 
one side, and by a thickening on the other. These preliminary changes 
may take several minutes. The t hinnin g process goes on until con- 
tinuity breaks down at one spot on the rim. The newly-formed ends 
then separate, as a result of a straightening-out of the arc between 
them, and the material of the biconcavity is stretched out into a thin 
sheet lying on the inside of what was originally the thickened part of 
the rim. This sheet expands at its unsupported edge into a series of 
colorless, veil-like projections. Meantime, the straightening-out of 
the arc is accompanied by a contraction along its length until the typi- 
cal meniscocyte is formed, with the material of the biconcavity lying 
within the curve of the sickle. The tips of the sickle may terminate in 
one or more long filaments, and additional filaments may be seen pro- 
jecting from the veil-like material which was derived from the material 
of the biconcavity. The whole shape change, from the first breakdown 
of the rim to the completion of the transformation, takes place in about 
a second. Once the sickle cell is formed, no further shape change 
occurs, unless the shape transformation undergoes reversal. 

The reversal of sickling. This occurs when the O2 tension in the 
preparation of sickle cells is increased, and the events observed are 
those of the sickling phenomenon in reverse. The arc between the 
points of the sickle becomes longer and more pronouncedly curved, and 
the material of the biconcavity follows the changes in curvature so as 
to fill in the curve. The free edge of the material becomes smooth, 
partly by its irregular projections breaking off, and partly by their 
rounding up. The ciuwature increases until it is almost that of a circle, 
the points of the arc coming nearly into contact, and the material of the 
biconcavity filling in the interior of the ring more and more completely. 
At this stage, the entire ceU appears turgid and under tension. The 
points then touch, and the discoidal form is re-established, a small 
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globule marking the place at which the points join. The position of 
this globule, however, does not determine the spot at which the ring 
will open up if sickling occurs again, for the thinning of the rim may 
take place at any point on its circumference. 

Disk-iiphere transformations. The disk-sphere transformations which 
occur in promeniscocytes are identical with those which occur in normal 
discoidal red cells, whether studied between glass or plastic surfaces. 
The effect of lysins, etc., on the promeniscoc 3 rte has to be observed in 
hanging drops in a chamber in which the O 2 tension can be varied.*^ 
On the addition of lecithin, rose bengaJ, or saponin, the sickles turn into 
spheres, by a process very like that of the reversal of sickling. They 
then hemolyze and fade from view. Sometimes the fading occurs first, 
and the sickle becomes a sphere after losing its pigment. Sometimes 
the sphering occurs before the hemoglobin is lost. When lysis of the 
meniscocytes is brought about by water, the ghosts are discoidal, and 
the rule seems to be that meniscocyte ghosts are never themselves 
sickle-shaped. The reason for this seems to be that the formation of 
sickles depends on the presence of intracellular hemoglobin. 

Bearing on red cdl structure. The disk-sphere transformations of the 
mammalian red cell have so far been accounted for in terms of an ultra- 
structure which has a biconcave discoidal form, due to the nature and 
orientation of its molecules, and to the forces between them. It has 
been suggested that the forces which maintain the cell surface in its 
extended discoidal form are repulsions between the side-chains of 
radially oriented cephalin molecules in the surface ultrastructure.*’^ 
On the other hand, they have been thought of as associated with pref- 
erential orientations of hemoglobin molecules in the interior.^' ° The 
events noted in the phenomenon of sickling make it now seem likely 
that the special shape is determined by the properties of the surface 
structure and by those of the interior as well. Thus, we now have three 
sets of forces to consider. 

Type 1. The forces of surface tension, which tend to produce the 
spherical form. Two surfaces, one on the outside and one on the inside 
of the surface structure, have to be considered. 

Type S. The intermolecular forces in the surface structure, which tend 
to maintain it in a biconcave discoidal form, with a surface about 30 
per cent in excess of the minimum for the enclosed volume. 

Type 3. Forces in the interior assodcded with hemoglobin. These are 
“expansive” or “turgor-producing,” and tend to distort the surface 
ultrastructure into the forms assumed by the sickle cell. In the cell 
which undergoes sickling, the magnitude of these forces increases as the 



POXDER: RED CELL CYTOCHEMISTRY AXD ARCHITECTURE 603 


Os tension falls, and as the hemoglobin passes from its disperaed state 
in the promeniscocyte to the paracrystalline state** in which it exists 
in the sickle cell. 

With these forces acting upon it, the normal discoidal form can be 
regarded as one of three metastable forms, in which rigidity of the 
ultrastructure is sufficient to resist deformation by either the forces of 
surface tension {Type 1), or by such tui^or-producing forces as are 
associated with its oxyhemoglobin {Type 3). If the turgor-producing 
forces are strong enough, as when the hemoglobin is reduced, and the 
ultrastructure weak enough, as in the promeniscocyte, the forces tend 
first to break, and then to distort, the C-shaped rim of the cell into the 
forms which the meniseocyte successively assumes. Diminution of 
the forces of Type 3, by the oxygenation of the hemoglobin and its 
passage from the paracrystalline state into the dispersed state, allow's 
the intermolecular forces in the surface ultrastructure to re-establish 
themselves, and the discoidal form of the cell is restored. Looking in 
the opposite direction at the change from disk to sphere, th* forces of 
surface tension {Type 1 ) are not strong enough to overcome the rigidity 
of the surface structure (forces of Type 3), unless the latter are first 
weakened by the action of lysins or by the removal of the anti-spher- 
ing substance. When this happens, however, the forces of Type 1 are 
not only unopposed by the forces of Type 2, but are actually aided by 
the weak forces of Type 3 associated with oxyhemoglobin, and so bring 
about the spherical form. The observation that the watery ghost does 
not become a sphere on the addition of saponin, rose bengal, or leci- 
thin*® is accounted for, in this hypothesis, by the absence of forces of 
Type 3 from the ghost, while the forces of Type 1 are equalized on the 
inside and the outside of the surface structure. 

While the natmre of the forces associated with hemoglobin, either 
in its oxy form or in its reduced form, is at present unknown, and while 
it may turn out that the hemoglobin of the promeniscocyte is as pecu- 
liar as its ultrastructure is tmstable, the idea of as 3 Tnmetrically ar- 
ranged forces between the hemoglobin molecules has been put forward 
on several occasions as an explanation for the shape of the mammalian 
red ceU. In its simplest form, the hypothesis states that the closely 
packed molecules of hemoglobin are spheroidal or plate-like, and that 
they tend to orient themselves in the equatorial plane of the ceU so as 
to make up a liquid crystal with a lameUar structure. The biconcave 
shape of the ceU is supposed to result from the tendency of the hemo- 
globin molecules to arrange themselves in this particular way.*- * The 
observation that the watery ghost is a biconcave disk is fatal to the 
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hypothesis in this simple form. In order to retain' it, we have to 
modify it by sa3dng that the preferential arrangement of the hemo- 
globin molecules impresses its pattern on the molecules of an intra- 
cellular matrix, and on the surface ultrastructure, as if it were a tem- 
plate. If this were so, it would be possible to remove the hemoglobin 
by hemols^s and yet retain a biconcave discoidal body, although 
the origin of the shape might still be said to lie in the arrangement of 
the molecules of hemoglobin. 

A preferential arrangement of hemoglobin molecules is likely 
enough in itself, because of the shape of the molecules and their close 
packing. However, it does not appeal to me as being the fundamental 
factor which determines the shape of the erythrocyte, because the 
biconcave discoidal form is only one of a lai^e number of shapes to be 
accounted for. Mammalian red cells are not always circular biconcave 
bodies. In some persons they are distinctly oval. In the familial 
condition of ovalocytosis, they are biconcave ovals, with the long axis 
almost twice as long as the short axis.''” All the cells, moreover, are 
not oval; some are circular, and some are shaped like bottles, bananas, 
and sausages. These cells, nevertheless, undergo the usual disk-sphere 
transformations." If the primary factor determining the shape of the 
oval or bottle-shaped cell is still the arrangement of the hemoglobin 
molecules, the effect of this arrangement must be greatly modified by 
other factors, e.g., by the configuration of a surface structure, or of an 
internal matrix. Again, in the case of the poikilocyte, there must be 
additional conditions which modify the factors determioing the normal 
discoidal shape. That some parts of the poikilocyte are more rigid 
than others, is shown by the observation that, when a poikilocyte with 
a long “pseudopod” spheres up, the “pseudopod” is retained, attached 
to the spherical body of the cell, for some time before it is incorporated 
into the sphere.”' There is certainly not a clear case for the form of the 
cell being wholly, or even very largely, determined by the orientation of 
hemoglobin, and I do not think that the form of the cell can be ac- 
counted for in any such simple way. In particular, it is not likely to be 
imderstood without a consideration of the shapes of its precursors. 

Changes in Structure during Development 

Development through the stage of the erythroblast to that of the 
normoblast, which is rather a process of maturation than one involving 
successive mitoses, probably takes less than a day, while the length of 
time passed in the normoblast stage is about 2 days." The normo- 
blast is a spherical or spheroidal cell which loses its nucleus by kary- 
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olysis, often preceded by pyknosis, and occasionally by fragmenta- 
tion. Extrusion of the nucleus, or of fragments, is sometimes observed, 
but this is not a part of the normal process. It was once thought that 
the flattening of the cell and the appearance of the biconcavities are 
related to the loss of the nucleus, but it has been shown that nuclear 
hydrolysis is not immediately followed by the change in shape, and 
th«t the flattening and the appearance of the biconca'V'ities occur later. 
These observations should be confirmed and extended. In this con- 
nection, it should be mentioned that, in cases of ovalocytosis, the 
normoblasts are not oval but circular,^^ and even the reticulocytes are 
circular, rather than oval, disks. ^ 

In the reticulocyte, the next cell in the developmental series, the 
fixed framework is from 2.5 to 4.5 times greater than in the orthochro- 
matic cell, although this figure may include an unknown amount of 
denatured globin when the reticulocytes are produced by phenylhydra- 
zine.®® Such reticulocytes contain more lipid than do normal red cells, 
but the total lipid, cholesterol, phospholipid, and neutral fat does not 
differ appreciably from normal when calculated on the basis of the red 
cell surface, which is increased in the reticulocj^te. The density of the 
cell is less than that of the mature cell, and so it presumably contains 
more water. It is also stickier than the orthochromatic cell, and so, 
presumably, its surface properties are different in spite of the similarity 
in lipid composition. The shape of the cell is that of a biconcave disk, 
and it undergoes disk-sphere transformations on the addition of leci- 
thin, in the same way as the orthochromatic cell, except that the retic- 
ulocytes remain crenated after the non-reticulated cells have become 
spherical, some structure apparently constraining the surface so as to 
produce puckering. One gets the impression that the structure re- 
sponsible is the strands which stain mth brilliant cresyl blue. If the 
cells of a preparation stained with this dye are hemolyzed by saponin, 
each reticulocyte fades, but the stained reticulum is left behind, vith 
each strand in the same relative position as before. Thus, there can 
be no doubt that the reticulum is a “solid^^ structure.^^ As regards its 
composition, it has recently been sho^vn that it is composed of, or con- 
tains, derivatives of ribose-nucleic acid, which is present in red cells 
in a variety of labile states related to a variety of manifestations of 
basophilia.^® The life of the reticulocyte in vivo is only from 1 to 3 
days, for the reticulum disappears, both in vivo and in vitro, and the 
mature orthochromatic cell results. A reticuloe 3 d:e-ripening factor, 
effective in vitro, has been demonstrated.^^ It consists of a thermo- 
stable fraction identified as tyrosine, and a thermolabile factor which 
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has not yet been identified. It exists in a preformed state in spleen 
and marrow, and particularly in stomach. 

Once the cell has reached the orthochromatic stage, it is doubtful if 
there is any property which can be used as a reliable indication of its 
age. There are observations which suggest that young cells have a 
lower density than old ones, and it has been thought, on the basis of 
their flatter shape, that the cells which are the most resistant to osmotic 
hemolysis are the youngest ones. It has also been suggested that the 
youngest cells are the most resistant to lysis by substances of the 
saponin class, the underlying idea being that red cells in vivo are 
continually acted upon by in vivo hemolytic systems, so that the 
youngest cells, which have been exposed to the action of in vivo lysins 
for the shortest time, are the most resistant in vitro. The same 
general hypothesis has been used to account for the variations in red 
cell shape in various pathological conditions. The suggestion is that 
the young red cell is a very flat body, the platycyte, and that, as a 
result of the action of substances produced in the spleen and perhaps 
elsewhere, it becomes less flat, acquiring the shape of the normal eryth- 
rocsde as we recognize it, and that it finally becomes a spherocyte and 
hemolyses. On this hypothesis, both the shape of the cell and its a/b 
ratio would depend on the length of time during which intravascular 
lysins had acted on it, and so would indicate its age. There are, of 
course, other possibilities which would account equally weU for the 
different shapes of the red cell (platycyte, target cell, spherocyte, etc.) 
which are found in pathological conditions, particularly if we recognize 
an endocrine control of the processes of production in the bone marrow. 

This short and necessarily fragmentary description of the changes 
which accompany development will illustrate the point that there are 
many questions about red cell structure which cannot be answered by 
examining the mature orthochromatic erythrocyte alone. 

RED CELL CYTOCHEMISTRY AND ARCHITECTURE 

IN DISEASE 

Studies of the cytochemistry of red cells in pathological conditions 
are complicated by the fact that the methods which are used provide 
average values only. There is no way of ascertaining with certainty 
the contribution which each kind of cell makes to the average. A high 
value for the fixed framework, for example, may be the result of the 
fixed framework in all the cells bemg increased, of the population con- 
taining a large number of reticulocytes, or of both. Separation of the 
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cells into their types seems to be the only practical way out of the 
difficulty. 

So many points relating to the red cell pathology will be discussed 
later in this publication that it is sufficient, in the meantime, to mention 
the principal directions along which progress is being made. 

Variations in Physical Properties in Disease 

The division of the anemias into macroc3rtic, normocytic, and micro- 
cytic has simplified the subject greatly, and the practice of making the 
distinction on the basis of red cell volume, rather than on the basis of 
red cell diameter, not only avoids the uncertainty as to the diameter of 
the cells on dried films, but provides data from which the mean cor- 
puscular hemoglobin concentration can be found when the hemoglobin 
content of the blood is known in gm./ml.^'> ® Hematologists now 

make these calculations as a matter of routine. 

Descriptions of red ceU shape have come into prominence recently 
in connection with platycytes, target cells, and spherocytes, the signi- 
ficance of which will be discussed later in this work. For most of the 
purposes of clinical hematology, it is sufficient to find the mean diame- 
ter and the mean thickness of the cells, treating them as short cylinders. 
Platycytes and spherocytes, like poikilocytes, can usually be recognized 
in stained material, but many artifacts can be avoided by using fresh 
preparations in plasma when questions of shape are involved. More 
information would be gained in the long run if volumes, diameters, 
thickness, and so on, were actually measured by the many excellent 
methods which have been devised for the purpose, but there seems to be 
a reluctance to use methods which are beyond the skill of the average 
hospital technician. Clinical hematology, in consequence, is suffering 
as a science. 

Variations in Chemical Compontion in Disease 

Apart from the variations in mean corpuscular hemoglobin and mean 
corpuscular hemoglobin concentration, on the basis of which anemias 
are classified, our information about the variations in the composition 
of the red cell in disease is quite small. Some ten y’ears ago, a very 
promising investigation into the chemistry of the erythrocyte and of the 
red cell ghost was begun in the Research Laboratories of the Children’s 
Fund of Michigan, but was interrupted by the death of Betty Nims 
Erickson. The completeness with which this research was planned is 
very impressive, and the individual papers which describe what was 
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accomplished will remain a source of reference for a long time to 
come.^"’ 

In anemia, the principal changes met with in the erythroc^'tes are an 
elevated cation content, alterations in the proportions of the various 
lipids, and an increase in the quantity of protein other than hemo- 
globin. The increased cation content is due to an increase in Na and 
K. The anion content, as usually estimated, however, is diminished. 
Even in the normal red cell, there are not enough anions in the form of 
chloride, bicarbonate, and hemoglobin to combine with all the base. 
Maizels®® has suggested that the excess cations are bound to an un- 
known anion X“, w’hich is probably acid-soluble phosphate together 
with glutathione. Erickson and her collaborators find that the excess 
base runs parallel wdth what they term the “undetermined weight,^' 
which is obtained by subtracting the sum of the hemoglobin, water, 
total ions, and total lipid from the weight of the whole cell. The differ- 
ence will contain stromatin, phosphoric esters, and the other substances 
which are found in the cell in small amounts (sugars, creatin, glucu- 
ronic acid, enzymatic catalysts, etc.). Both the undetermined weight 
and the excess of cations over anions are increased in erythroblastic 
anemia, pernicious anemia, and the anemia of congenital hemolytic 
jaundice. 

The principal changes in the lipid fractions are a lowered concentra- 
tion of alcohol-soluble phospholipid, and an increase in cholesterol 
esters (except in erythroblastic anemia). Particular interest has 
been shown in the distribution of the lipids, because of the belief that 
permeability is related to the lipid content and to the proportion of the 
lipid fractions. These factors, no doubt, enter into the complete 
description of the differential permeability of the cell, but they do not 
do so in any simple way.^^' Erickson and her collaborators have 
also emphasized the point of view that the erythrocyte is not a “hemo- 
globinized corpse,’' but a cell which can pass through states of lowered 
physiological activity, retrogression, and degeneration similar to those 
which occur in more highly organized tissues and cells, and that the 
changes in the lipid pattern in the anemias refiect changes in the physio- 
logical sfate of a living cell. Even the normal erythrocyte undergoes 
changes in its fatty acid and cholesterol ester content, after the absorp- 
tion of fat from the diet.®® It would not be surprising to find that 
changes in chemical composition reflect changes in the metabolism of 
the erythron, if not of the erythrocyte, in disease. 

Average values for the lipid fractions found in the red cells in a 
variety of diseases are shown in table 3, but it should be mentioned 
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Tabus 3 



Total 
lipids, 
mg. X 
per cell 

Phospho- 
lipids, 
mg. X 10“^* 
per cell 

Alcohol 1 
soluble ' 
lipid, 
per cent 
of total 1 

Cho- 
lesterol, 1 
mg. X 10~^® 
per cell 

Cho- 
lesterol 
' esters, 
mg. X 10““ 
per cell 

1 Neutral fat 

1 and cere- 
, brosides, 
mg. X 10““ 

' per cell 

Normal 

399 

233 

80 1 

120 

19 

44 

1 

Sickle cell 
anemia 

493 

258 

1 

77 

167 

30 

1 

40 

Erythro- 

blastic 

anemia 

795 

1 

1 

326 

! 

86 

181 

’ 11 

285 

1 

Hemol>i;ic 

icterus 

359 

185 

63 

1 112 

29 

42 

Hypo- 

chromic 

anemia 

368 

207 

1 

76 

1 

' 119 

1 - 

, 19 

1 

29 

Pernicious 

anemia 

(relapse) 

414 

1 

217 

70 

191 

95 

1 

20 

1 .. 

Poly. 

cythemia 

vera 

631 

1 407 



140 

14 

75 

Normal 

dog 

I 490 

295 

1 

.1 “■ 

116 

.1 

6 

81 

Disulfide ' 

1 j 


aiiduia I , 

dog 820 450 — 120 6 ' 220 


that the variations about these average values are considerable. In 
experimental anemia in the dog,^® the protein-lipid ratio rises to 5.9 
instead of the normal 3.4, and the lipids themselves increase to nearly 
double their normal value. This change is accompanied by a 50 per 
cent increase in the fixed framework, but it is questionable whether the 
increases are an indication of an 3 rthing other than an increase in the 
number of reticulocytes. 

Cell Inclusions 

The inclusions which occur under abnormal conditions (Howell- 
Jolly bodies, Cabot rings, etc.) do not furnish much information about 
red cell structure. There have been two \dews as to the origin of 
Cabot rings: first, that they are nuclear remnants, and second, that 
they are laboratory creations. Schleicher®^ has discussed the question 
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in detail, and has described experiments which show that the rings can 
be due to aggregations of denatured protein in cells which have been 
acted upon by lysins. Punctate basophilia also can be produced as an 
“artifact” by allowing defibrinated blood to stand at room tempera- 
ture. As autolysis proceeds, diffuse polychromatophilia changes to 
fine stippling, and this to punctate basophilia.** Experiments such as 
these suggest the same conclusion as that arrived at by Cooke,*® who 
believed that punctate basophilia, polychromasia, and stippling are 
the morphological expression of denaturation and coagulation of the 
surface ultrastructure of the cell, and that, when they occur in freshly 
draTVTi blood, they are due to injury of the circulating red cells by 
lysins. Cooke was able to produce, in normal red cells, remarkable 
resemblances to the various manifestations of basophilia, and Schleicher 
has been able, by a special technique, to make replicas of Cabot rings in 
normal red cells. Demonstrations such as these, however, do not 
completely settle the question of the nature or significance of the struc- 
tures. The status of the Howell-Jolly body as a nuclear remnant is 
somewhat more satisfactory than that of the Cabot ring. 

The nature and origin of the retractile granule found in about 0.5 
per cent of normal human red cells is not known. This granule stains 
with neutral red, and is apparently different from the superficially 
similar granules seen in red cells which have undergone sickling. The 
Heinz-Ehrlich bodies observed after the administration of phenyl- 
hydrazine are probably masses of denatured globin. They should, 
accordingly, be classified along with the “endoglobular degenerations,” 
the significance of which, as e\'idence of a physico-chemical change 
occurring both in the red cell interior and at the red cell surface, has 
been discussed by Cooke*® with reference to the erythrocyte of per- 
nicious anemia. 
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THE ENDOCRINE SYSTEM AND HEMOPOIESIS 


By Albert S. Gordon and Harry A : Charipper , 

Department of Biology ^ Washington Square College of Arts and 
Science^ Xew York Unioerstty, New York^ X. Y 

In the past few years, experimental and clinical investigations have 
pointed to a possible relation between various endocrine glands and the 
process of hemopoiesis. ]\Iore particularly, such glands as the pitui- 
tary, thyroid, adrenal, and gonads have been involved and appear to 
exert, either singly or in combination, a regulatory influence on certain 
phases of blood cell formation. It is the purpose of this report to re- 
^dew some of the more recent studies on this subject. The original 
work to be described represents the results of research begun in 1939. 
Associates of the authors who collaborated in these experiments were 
Miss Grace Finkelstein, Miss Patricia C. Kadow, Dr. Irving Leven- 
stein, Mr. Paul Steinglass, and Dr. Erwin P. Vollmer. 

THE PITUITARY 
1. Anterior Lobe 

The reports by Aschner^ and Houssay et aL^ that an anemic state de- 
velops following extirpation of the hypophysis, served to stimulate 
further and more extensive research on this problem. The frequent 
occurrence of polycythemia as a part of Cushing's basophilic syn- 
drome®’ ^ and the appearance of anemia in Simmond's disease® have also 
suggested a possible role of the hypophysis in blood formation. The 
majority of the more recent experiments have been conducted in rats. 
Overbeek® reported no anemia following hypophysectomy in this ani- 
mal, although later Overbeek and Querido^ observed a decrease in the 
numbers of erydhrogenic elements in the bone marrow of hypophysec- 
tomized rats. Marked reticulopenia has also been reported,®’ ® follow- 
ing hypophyseal removal. Extirpation of other organs such as the 
gonads, spleen, thyroid, or adrenal does not result in reticulopenia.** 
The existence of a post-hypophysectomy anemia in rats has been 
definitely established.®’ Soon after the operation, there occurs a 
steady decline in red cell count and hemoglobin concentrations which 
attain values 60-70 per cent of normal approximately 2 months later^® 
(figure 1). The anemia is of the microcytic hypochromic variety 
Reticulocyte counts which ranged from 0.6 to 4.8 per cent in 38 normal 
rats drop to values less than 0.1 per cent as early as the second week 
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Figube 1 Mean \alues of er>throc.vte counts and hemoglobin concentrations for 23 h^po- 
ph\sectomized lata 11 sham operated controls, and 5 normal unoperated lats on i educed diet 
(6 cm. ration daily). 

(From Vollmer, Gordon, Xiovenstein, & Charlpper.'**^) 

after the operation, thus confirming the experiments of Meyer et al.^ 
who interpret this reticulopenia as a certain indication of the com- 
pleteness of the operation. The occasional occurrence of higher reticu- 
locyte counts in the experimental animals has been attributed to the 
presence of pituitary fragments.** Control experiments have indicated 
that the anemic state developing in the hypophysectomized rat is due 
neither to the effects of the operation per se, nor to the reduced food 
intake shown by these animals (figube 1). The bone marrow of 
hypophysectomized rats reveals a slowly developing state of hypo- 
plasia. Decrease in the quantity of erythrogenic tissue, infiltration of 
fat, and the presence of large cavities are features of the marrows of 
such animals and are seen most clearly by the third to fourth month 
following pituitarj' removal*® (plate 1, A and B). 

The existence of a hypophyseal hemotrophic hormone w'hich regu- 
lates blood formation, first suggested from clinical evidence,*® has been 
further supported by Flaks, Himmel, and Zlotnick,*^> *® and Querido 
and Overbeek.® The former workers reported that red cell, hemo- 
globin, and reticulocyte values in normal rats increased foUon’ing 
treatment riith a thermostable anterior-pituitary extract lacking the 
gonadotrophic, thyrotrophic, and growth principles. The latter group 
also claimed that, in a crude beef pituitary extract, the growth, gonado- 
trophic, and thyrotrophic principles were not the responsible factors 
which prevented the post-hypophysectomy reticulopenia in rats. The 
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supposition, however, that the pituitar^^ produces a specific hemo- 
trophic factor, is open to question, since various of the already estab- 
lished trophic principles have been found to display considerable eryth- 
rocytopoietic properties. It has been shown, for example, that the 
growth hormone can induce marked reticuloc 3 rtosis and overcomes the 
refractoriness of hypophysectomized rats to low oxygen tensions.^* 
The thyrotrophic principle also evokes reticulocytosis in hypophy- 
sectomized rats,^^ due presumably to its effect in stimulating thyroid 
hormone production.^"- Likewise, gonadotrophic hormones (e-g-, 
pregnant mare serum) exhibit erythropoietic activity in the normal and 
hypophysectomized male rat, inducing polycythemia, reticulocytosis, 
and bone marrow hyperplasia,^® These effects are most likely mediated 
through the gonads, since no such activity is apparent in the castrated 
animal.^® The adrenotrophic hormone is said to overcome the reticu- 
lopenia. but fails to correct the anemia which develops after hypophy- 
sectomy in the rat.*^ This hormone is also stated to produce reticulo- 
cytosis in normal animals.-** Alore recently, it has been claimed®^ that 
single injections ol adrenotrophic hormone into normal rats and mice 
produce an initial rise in red cell and hemoglobin values within 3-6 
hours, followed by a fall below normal values after about 24 hours. 
Repeated injections of adrenotrophin, however, evoke a sustained in- 
crease in red cell and hemoglobin concentrations.^ The daily injec- 
tion of 0.5-L5 mg. prolactin into hypophysectomized rats results in 
moderate gains in erythrocyte and hemoglobin values.^® Partial re- 
pair of the bone marrow hypoplasia, associated with increases in the 
numbers of erythrogenic elements, is obser\"ed after 5 weeks of prolactin 
treatment. 


2. Posterior Lobe 

Dodds and his co-workers^- ^ reported a severe macrocytic anemia 
in rabbits and guinea pigs given large doses of posterior lobe extract. 
Marked reticulocytosis and hyperchromia accompanied the anemic 
state. These observations have been confirmed by others.^®- Two 
types of explanation have been offered for this effect; (1) the posterior 
lobe of the pituitary may influence the process of blood destruction, 
possibl 3 ’^ through an effect on the reticulo-endothelial system, and (2) 
the pituitrin anemia may be due to hemodilution and subsequent 
hemolysis caused by water retention.®® The latter hypothesis is 
strengthened by the finding that dehydration of the animal prior to 
pituitrin treatment prevented the anemia.®® Davis®^ found that the 
daily administration of relatively small amounts of posterior pituitary 
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solution to normal and bplenectomized rabbits and dogs induced poly- 
cythemia within 1 to 3 weeks. This effect is interpreted in terms of the 
vasoconstrictor properties ot the dnig which induce hypoxia of the 
marrow and a resultant enhanced erythropoiesis. No clear-cut evi- 
dence, however, has been presented to in^cate any normal physio- 
logical role played by the posterior lobe of the hypophysis in the 
erj'thropoietic process. 

The majority of the reports show that most of the pituitary factors 
are not importantly related to the production or distribution of white 
cell elements. Thu.s, it has been demonstrated that no alteration in 
the total white cell or differential cell counts attends the removal of the 
pituitarj' in the rat.’- Crafts,'® however, reported a rise in total 
white cell count, but no change in the differential cell count. Although 
it has been claimed that anterior pituitarj’^-like gonadotrophin injec- 
tions produce leucocytosis in rabbits®* and man,®® no distinct trends 
have been detected in the white cell picture of normal or hypophy- 
seetomized rats, as a result of treatment with various types of gonado- 
trophic extracts.'® Adrenotrophic hormone, on the other hand, pro- 
duces an absolute lymphopenia and an increase in the numbers of 
polymorphonuclear leucocytes in intact mice, rats, and rabbits.®' 

THE THYROID 

A relation between this gland and erythropoiesis is suggested from 
the following evidence. Thyroidectomy usually results in anemia.'®’ 
3()-8», ns Thyroid removal has been foimd, also, to depress red cell 
formation in polyc^dhemic patients." In addition, anemia is a fre- 
quent occurrence in clinical hypothyroidism.®®- Conversely, ex- 
perimental and clinical hyperthyroidism may be associated with ele- 
vated red cell counts,®®- ®®~®* although this possibility has been disputed 
by others.®* ®®- ®‘’~®® Thyroid administration has also proved effective 
in correcting the anemia following thyroidectomy,®*- *® or that accom- 
panying clinical hypothyroidism.®®- *®- ®®- *' 

It has also been demonstrated"- "- '®- *® that the anemia developing 
in hypophysectomized rats can be alleviated by the administration of 
small amounts of thyroid hormone (fiqxjbe 2). In such animals, the 
return of the red cell count to normal levels is accompanied by reticulo- 
cytosis and bone marrow hyperplasia,'® (plate 2A), indicating a true 
erythropoietic action of this hormone. 

A more sensitive method of evaluating a possible participation of the 
thyroid gland in blood formation has been to determine the rate of red 
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Figueb 2 Ei\tliioc\te count*-, mean hemoglobin concentiarionis, and mean ieticuIoc\te per- 
centages m h\ poph\ seetomized iqt« injected d*iih with 0 01-0 03 mg th\roMne, from the 0th x^eek 
after operation 

(From VoUmer, Qov€Loxl, Sb Oharipper/^j 

cell regeneration in thyroidectomized animals bubjected to an eiythro- 
poietic stress. Previously,*'® a slower hemopoietic response in 
thyroidectomized animals exposed to lowered barometric pressures had 
been reported. Likewise, Funiya®® observed slower regeneration in 
thyroidectomized animals subjected to hemorrhage. Recently,®^ the 
problem of the thyroid and blood regeneration has been examined in 
greater detail. to 6 cc. of blood were extracted from normal, 
thyroidectomized, or thiouracil-treated adult rats. Several groups of 
the bled animals, normal and thyroidectomized, were given daily in- 
jections of 0.1 mg. thyroxine, and others were left untreated. Thy- 
roidectomy or thiouracil treatment was found to delay the regeneration 
of red cells and hemoglobin. Thyroxine treatment accelerated the 
rate of attainment of normal red cell and hemoglobin values. This 
was accomplished to a greater extent in the thyroidectomized than in 
the unoperated animals (figure 3). Slight bone marrow hypoplasia 
was observed in the thyroidectomized animal. Although the man’ow 
of the thyroidectomized rat responded wdth increased eiythroid cell 
proliferation to the stimulus of bleeding, thyroxine speeded this process 
of regeneration. Smears of femoral marrow revealed higher er^'^throid- 
myeloid cell ratios in the thyroxine-treated groups. These latter 
groups exhibited marked reticulocytosis as well. As will be indicated 
below,®® castration in the male rat lowers the red cell count. However, 
castration performed in the thyroidectomized animal did not still fur- 
ther delay the regeneration of red cells following bleeding, but did 
produce a greater inhibition of hemoglobin synthesis.®^ Testosterone 
propionate, administered in daily 1.25 mg. doses, exerted little in- 
fluence on thyroidectomized rats, but ^^as more effective as an erythro- 
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time in weeks after bleeding 


Figubb 3 EffectB of th%Toune and the combmition of th\ro\me and te*'to«!teron€ on mean 
crjtmoQte n^og obm ^alue*< and ieticuIoc%te peicentages in 25 noimal and 24 th\ roidectoimzed 
rats foUoTimg oleeding. 

(From Gordon, Sadow, Tm^elsteui, ft Clianpper/>) 

poietic agent in the case ot thyroidectomized animals which had also 
been castrated. The known marked erj’^thropoietic effect of the metal, 
cobalt, was augmented by thyroxine injections. This combination 
proved to be extremely effective in restoring normal red cell and hemo- 
globin values (figure 4), and induced marked marrow hyperplastic 
changes in bled thjToidectomized rats. 

It was expected that, since the male hormone is a potent erythro- 
poietic agent in the hypophysectomized and castrated rat,^® ^ it 
u ould augment red cell and, possibly, hemoglobin regeneration in the 
bled thyroidectomized animal. This, however, did not occur, and 
the lack of effect may be related to the amounts of endogenous male sex 
hormone circulating in the animal at the time of initiation of treatment. 
Thus, in the normal or th^Toidectomized animal, in v hich the level ot 
male hormone is relatively high, testosterone is scarcely effective, but 
in the castrated or in the thyroidectomized-castrated rat, in which the 
circulating male hormone level is low, its effects on both red cell and 
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4 V ot the efitcts ot t1i io\we is i mt tobalt thiroxine plus testo- 

steione and tliMoxine plus cobilt on mran (ntluoc\ t he insulin ^aIu(s md ietiruloc\te per- 
centages in 44 thMoidectomi/cd rats folloiimg bleeding 

(From Gordon, Eadow, FinJcelstem, & Obanpper.*^) 

hemoglobin legeueratiou aie pionounced. The iact that 2 mg dosets 
of testosterone are less effective than 1 mg dobes in inducing a red cell 
1 espouse m hypophysectomized rats'® may be considered additional 
eiddence toi thib hypothesis. 

A coubiderable amount of the hteiature has been devoted to a de- 
scription of the thyroid gland in its relation to the peripheral white cell 
picture. Many of the leports, however, ha\e been contradictoiy. 
Thufa, lack of thjToid piinciple is said to induce a neutrophilia and 
lymphopenia/^ uheieas others have stated that it results in 
leucopenia and lymphocjdobis '«> « O” In experimental and clinical 
hyperthyroidism, the picture ib equally confubing Thus, leucopenia 
and lymphocytosis,®' “ leucocytosis invoh’ing granulocytosis^^ and 
lymphopenia, granulocytosis with no change in total count®^*^* have 
been the various claims made by different groups of investigatois. 
Most workers agree, hov ever, that thjToid administration results in a 
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deflection of the polynuclear count in mammalb,®" reptilea,***" and am- 
phibians.®® ^'^e®^ have been unable to note, in untreated or bled 
thyroidectomized rats, any consistent changes in the total white cell or 
differential counts. Likewise, th 3 TOxine injections produced no con- 
sistent alterations in the white cell picture. The inability to obtain 
significant effects in such animals possibty be due to the consider- 
able amount of variation detected in the leiicocj'te count of normal 
non-infected rats of our colony-. 

The ^^dde variations in white cell count reported in the literature may 
be due to the different quantities of thyroid substance employed, and 
to the different durations of treatment. In addition, thyroid material 
may act as a stimulant of the adrenal cortex, but prolonged treatment 
with such agents may result, eventually, in adrenal cortical adaptation 
or failure. Since the cortical secretions appear to be intimately'' re- 
lated to the disposition of white cells in the body,-^ it is conceivable that 
this gland may'’ also be a factor in the divergent white cell responses to 
thyroid administration. 


THE ADRENAL 
1. Adrenal Cortex 

The description by” Addison, in 1855, of anemia as one of the symp- 
toms accompany”ing disease of the adrenal cortex represents one of the 
earliest indications of a possible relation between this gland and the 
morphological constituents of the blood. Additional observations on 
the anemia in Addisonian patients have been made recentty."®’ 

The inci'ease in red cell count occurring in lower animals shortly” after 
adrenal removal^-’ is probably due, not to an effect on erythropoiesis, 
but more likely” to hemoconcentration. However, decreased red cell 
numbers^®' and marrow hypoplasia"^ have also been reported fol- 
lowing adrenalectomy. Single injections of adrenal cortical extract 
axe said to produce decreases, within 24 houm,-^ in the red cell counts of 
intact mice, rats, and rabbits. Sustained production of the adrenal 
cortical hoimone, however, through continuous injections of adreno- 
trophic hormone, will elevate red cell and hemoglobin values in intact 
mice.^ Polycythemia, produced in response to increased amounts of 
circulating adrenal hormone, had also been previously” reported by^ 
Gunther® and IMoehlig and Bates.^® These results are difficult to 
reconcile w”ith obseiw^ations in the hy”pophysectomized rat.^® Here, 
daily injections of one to tw’o cc. adrenal cortical extract (1 cc. equals 
50 gm. tissue) are without significant effect on the red cell and hemo- 
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globin levels, although a rise in reticulocyte count is observed dur- 
ing the first week of treatment. The cortical hormone also fails to 
repair the hypoplastic condition characteristic of the bone marrow 
after hypophysectomj'^* (plate 2B). Querido and Overbeek* have 
demonstrated the cortical hormone to be likewise ineffective as an 
erythropoietic agent in the hypophysectomized rat. Injection of daily 
doses of 1.0 mg. desoxycorticosterone acetate into rats which have 
been hypophysectomized 6 weeks previously, results in a moderate 
gain in red cell count by the fourth week, but hypophysectomy levels 
are once again attained by the sixth week.^* Desoxycorticosterone 
produces no significant repair of the post-hypophysectomj' marrow 
hypoplasia.*’ 


2. Adrenal Medulla 

Injections of adrenalin into normal or adrenaleetomized rats vill 
induce polycythemia reactions.” The spleen is believed to participate 
in this effect. On the other hand, administration of ephedrine sul- 
phate, amphetamide sulphate, or epinephrine HCl to either normal or 
splenedomized rabbits and dogs and to normal humans causes signifi- 
cant increases in red cell count.®^- ” These results are explained as 
enhanced erythropoiesis due to marrow hypoxia caused by the vaso- 
constrictor activity of adrenalin-like drugs. 

Recent studies have tended to clarify somewhat the discrepancies 
which appeared in the past literature concerning the influence of the 
adrenal on the circulating white cells. Zwemer and Lyons” obseri'ed 
a decrease in the percentage of polymorphonuclear leucocytes, and an 
increase in the numbers of small lymphocytes, following adrenalectomy 
in rats. This was later confirmed by Schecket, Friedman, and Nice.^® 
likewise, Corey and Britton” reported neutropenia associated ^th 
lymphocytosis in adrenaleetomized cats; this condition was corrected 
by adrenal cortical extract. Lewis,’'® as well, obseiwed decreased 
neutrophilic counts in adrenaleetomized cats, and Grollman®® has 
described l 3 unphocytosis in Addisonian patients. On the other hand, 
marked elevations in the numbere of both neutrophiles and large and 
small lymphoc 3 rtes,” with no change in total white cell or differential 
white counts,*® have been reported in adrenaleetomized rats. The 
recent, provocative and convincing experiments of Dougherty and 
White®*' have shed new light on this subject. Treatment of mice, 
rats, and rabbits mth adrenotrophic or adrenal cortical hormones pro- 
duced an absolute lymphopenia and elevations in the numbers of poly- 
morphonuclear leucocytes. The lymphopenia is believed to be a re- 
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flection of the ability of the cortical secretions to cause dissolution of 
lymphocytes and arrest cell mitosis in the lymphoid tissues.®^ The 
additional finding by White and Dougherty,®* that adrenalectomy in 
mice and rats causes lymphocytosis and neutropenia, is in agreement 
with their hypothesis and tends to confirm previous reports.”’ 

With regard to the adrenal medulla, Davis®^- ” found that neither 
epinephrin nor ephedrine exerted any positive influence on the leuco- 
cy'te count of normal or splenectomized rabbits and dogs. 

THE GONADS 

A sex difference in erythrocyte count is known to exist in many 
species of animals, including the fowl,®‘~“ pigeon,®^ mouse,®® rat,^® 
rabbit,®® and eat.^® A comprehensive summary of the counts in both 
sexes, in a variety of laboratory and domestic animals, is given in the 
papers of Scarborough.®® It is usually the male animal which reveals 
the higher red cell and hemoglobin values. It is well known,®® also, that 
a similar sex difference in count exists in the human being. Of especial 
significance is the report by Rud®® that, in man, the red cell count 
is similar in both sexes up to the age of 14 years, beyond which time the 
divergence in count gradually develops. Such findings suggest the 
possibility that the sex hormones may play a role in the sex differences 
in count. This hy’pothesis is supported by several types of experi- 
ments. Blacher®® reports a lowering in red cell count and hemoglobin, 
following castration in the cock. Spaying in the hen does not produce 
this effect. According to Juhn and Domm,®® juvenile and gonadec- 
tomized birds of either sex and mature female birds all reveal similar 
red cell counts. Juhn and Domm further report that the male bird 
acquires a higher red cell count at the time of sexual maturity, and that 
the red cell counts of poulards in which sinistral ovariectomy is per- 
formed will soon approach the higher levels characteristic of the male. 
Similar types of results have been reported for the mammal. Thus, 
castration is found to lower the red cell count in the male rabbit®®- ®* 
and raise it in the female. ®® In addition, these latter workers reported 
that implantation of heterosexual gonads depres.ses the count in the 
male and elevates it in the female. 

Most of the recent experiments have been performed on the rat.®® 
Confirming previous finings, Steinglass, Gordon, and Charipper®® have 
detected a normal sex difference in count, and have shown that castra- 
tion in the male tends to lower, and in the female to raise, the red cell 
count. In castrated females, daily injections of 10-20 R. R. of estra- 
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diol benzoate caused, by the end of 4 weeks, a drop of red cell count 
from 8.9 ± 0.2 to 6.7 ± 0.4 millions 'cu. mm. Hemoglobin values 
were similarly depressed, and reticuloc 3 rtes showed a slight increase. 
Daily administration of one to two mg. testosterone propionate into 
castrated male rats increased the red cell count from 7.4 ± 0.3 to 
9.1 ± 0.3 millions/cu. mm., within 4 weeks. Comparable rises in 
hemoglobin values were also observed, but reticulocytes were un- 
affected. In eunuchoids, increases in red cell count and in hemoglobin 
values have also been reported following androgen treatment.*® That 
the sex hormones operate by affecting the erythrogenic process may be 
seen from bone marrow sections and smears. Castration in the male 
produced a state of marrow h 3 ^oplasia. Testosterone alleviated this 
condition by stimulating mitosis of erythrogenic elements. Con- 
versely, castration in the female was not attended by bone marrow 
atrophy; in some cases, in fact, slight hyperplasia of the erythrogenic 
tissue was observable. Injections of estrogen produced considerable 
marrow vacuolization and partially depressed erythrogenic activity.®* 
Large doses of estrogen have been found to induce marked anemia in 
the dog,*^“*®‘ but not readily in the monkey.^®! The anemia induced 
in mice by estrogen may be due, in part, to replacement of marrow tis- 
sue by bone.*®* 

Vollmer and Gordon*® reported that the normal sex difference in red 
cell count in the rat could be accentuated by the daily injection of 15 
E. U. of a gonadotrophic extract of pregnant mare serum. After 2 
months of treatment, the count in the males had risen from 8.6 ±0.1 
to 10.3 ± 0.3 millions/cu. mm. In the normal female, the same treat- 
ment depressed the red cell count from 8.2 ± 0.1 to 7.6 ± 0.3 mil- 
lions/ cu. mm. N o distinct trends in hemoglobin values were observed 
in these animals, and reticulocyte levels were elevated only in the males 
receiving the treatment. Administration of gonadotrophic hormone 
to castrated females produced no alteration in red cell count, indicating 
that the action of this hormone is mediated through the gonads. Cas- 
trated females given daily injections of 0.5 mg. testosterone showed 
higher red cell counts than did untreated castrates, whereas treatment 
with estradiol produced the opposite effect.*® 

To preclude the possible operation of the animal’s own pituitary in 
these effects, the next series of experiments was performed in hypo- 
physectomized rats.*® Gonadotrophic hormone exerted no significant 
erythropoietic action in the hypophyseetomized female. Hypophy- 
sectomized males, however, responded quickly to such treatment. 
Daily administration of 15 E. U. pregnant mare serum hormone in- 
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creased the red cell counts from 6.8 ± 0.3 to 8.9 ± 0.3 millions/ cu. mm. 
by the 5th week (an increase of 31%); this was accompanied by a 19% 
increase in hemoglobin. Pregnancy urine hormone was not as effective 
on the rat as the pregnant mare serum/* but has been claimed to be an 
effective erythropoietic agent for the child afflicted with erythroblasto- 
tic anemia.^*® 

Considerable erythropoietic activity is observed in hypophysec- 
tomized rats of both sexes injected with androgen.®* In one series, 
daily injections of 1.0 mg. testosterone produced, within five weeks, an 
increase in red ceU count from 6.0 + 0.4 to 9.1 ± 0.3 (a 51% increase). 
During the same period, the hemoglobin increased from 13.3 ± 0.8 to 
15.6 ± 0.3 gm./lOO cc. (only 17%). Two mg. doses of testosterone 
were not as effective as 1 n^. doses (figure 5). Reticulocyte values 


oxygen CONSUMED R.BC. - MILLIONS / CU MM * hb - gms / lOO cc 



FiODBB 5. Erj’throcj'te counts, mean hemoglobin values, mean reticulocyte counts, and ozvgen 
consumptions in hjiiophjsectomized rats mjected daily ^ith 2.0 mg. testosterone propionate, from 
the 6th ^neek after opa*ation (solid lines). The dotted hues represent mean determinations for a 
aiznnar group of 5 animals, injected daily with 1.0 mg. testosterone. 

(From VoUmer, G^ordon, ft Oharlpper.^^*) 

were increased in the 1st and 2nd week. Thereafter, however, they 
tended to fall, although the levels consistently remained above those 
seen in untreated hypophysectomized rats. 

Estrogen treatment (10 R. IJ. estradiol benzoate daily) was not 
tolerated well by hypophysectomized rats, and several deaths oc- 
curred.®* In a few animals, the estrogen seemed to intensify the post- 
h3T>opbysectomy anemia, while in others the inhibitory effects were 
transitory. Hemoglobin values and reticulocyrte counts remained 
unaltered. 

The marrow picture vras, in most instances, a direct reflection of the 
red cell count behavior.®* Testosterone treatment caused, in both 
male and female hypophysectomized rats, complete repair of the hypo- 
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plastic marrow. The vacuolated areas were replaced by regions of 
actively proliferating erythroid elements (plate 3A). Erythroid- 
myeloid cell ratios, as studied from marrow smears, were significantly 
increased. Similar marrow changes were produced in the male hypo- 
physectomized rats which received gonadotrophic hormone. Adminis- 
tration of estrogen produced an even greater state of marrow hypoplasia 
than that observed in untreated hypophysectomized animals; vacuoli- 
zation w^as more marked and supression of erythroid cell development 
was evident (plate 3B). The bone marrows of hypophysectomized 
female rats injected with mare serum gonadotrophin revealed similar 
changes, but to a lesser degree. 

Similar types of results have been obtained in the bird.^®** Of 
especial interest, in the latter report, are 3 findings: (Ij Implantation 
of androgen pellets beneath the skin of castrated roosters or capons 
elevates the red cell counts to levels found in normal males. (2; In- 
jection, on the fourth day of incubation, of small quantities of estrogen 
into the egg of the domestic fowl will produce intersexes which possess 
gonads that liberate both androgens and estrogens. In such animals, 
the red cell counts attain levels intermediate between those noted in 
normal males and females. (3) Estrogens and androgens, when in- 
jected together into capons, may act antagonistically with respect to 
the red cell count. A similar antagonism between androgens and 
estrogens on the blood picture in the rat^®® and on the growth of bone 
marrow in vitro^^’^ has been reported. 

Recently, Finkelstein, Gordon, and Charipper®® have investigated 
the response of gonadectomized rats to the erythropoietic stress of 
bleeding. A detailed attack of this problem w^as deemed advisable in 
view of the obsei^^ation that male blood donors generally regenerate red 
cells at a faster rate than do females.^®*""^^® Groups of male and female 
rats, both normal and castrated, w’ere bled amounts ranging from 4 to 6 
cc. at one time, or 10 cc. over a 2 -da 3 ^ period. The results showed con- 
clusively that bled male rats regenerate red blood cells more rapidly 
than do bled females. Daily treatment with 1.25 to 2.5 mg. of testos- 
terone accelerated recovery from the anemia in bled males. On the 
other hand, administration of estradiol (20 to 200 R.U. daily) to bled 
females slowed regeneration and prevented attainment of normal red 
cell levels for the entire 50 days of treatment. Both testosterone and 
estradiol were found to delay hemoglobin regeneration (figxjbes 6 and 7). 

In view of these striking effects, it became of interest to compare the 
activity of testosterone with that displayed by cobalt, a powerful 
erythropoietic agent in the normal and anemic rat.®® In the bled male, 
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daily administration of 2.5 mg. of cobaltous nitrate proved to be more 
effective in accelerating red cell regeneration than 1.25 mg. doses of 
testosterone. In the bled female, cobalt and testosterone were equally 
effective. In another series of experiments, regeneration of red cells 
and hemoglobin was traced in castrated male and female rats subjected 
to bleeding.®* Recovery occurred more rapidly in females than in the 
males. Testosterone speeded regeneration in castrates of both sexes, 
and it accelerated hemoglobin replacement in the castrated male, but 
not in the castrated female. Cobalt also proved to be an effective 
agent in the castrated rats. Administration of both testosterone and 
cobalt to bled animals was most effective on red cell regeneration. 
Bone marrow studies were well correlated with the peripheral blood 
findings, and again supported the contention that the sex hormones act 
in the bled animals by influencing the erythropoietic process. 

On the basis of the evidence presented, it has been suggested that the 
gonadal secretions are responsible for the normal sex difference in red 
cell count detected in many species of animals.^®’ *“* 

The subject of the relation of the sex glands to the white cell picture 
is highly controversial. Molteni,®* for example, reported lympho- 
cytosis in female rabbits following castration, and Kennedy and 
Thompson^^^ found that certain gonad extracts administered to rabbits 
caused a deflection of the Ameth count to the left. Large doses of 
estrogen are claimed to induce a leucocytosis followed by a leucopenia.®* 
Recently, Crafts*®^ has found neutrophilia followed by neutropenia in 
dop receiving large amoimts of stilbestrol. Neutrophilia and lympho- 
penia have likewise been reported in normal and thyroidectomized rats 
given stilbestrol.*” On the other hand, no consistent changes in total 
white or differential white ceU counts have been noted in untreated, or 
sex hormone-injected, castrated and hypophysectomized rats.*®- ®* 

DISCUSSION 

A survey of the literature indicates clearly a relation between the 
endocrine gland system and the process of hemopoiesis. The initiating 
source of the hormonal control of blood formation is, most likely, the 
pituitary gland. The postulation, however, of the existence of a separate 
"hemotrophic” factor does not appear necessary, in view of the demon- 
stration that several of the already known pituitary factors may dis- 
play, separately, strong erythropoietic activity. It would seem more 
likely that the hemopoietic effects exerted by the various hormones are 
manifestations of their action on general phases of metabolism in the 
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body. On a priori grounds, at least, it might be expected that, since 
the endocrine secretions control mBuy phases of growth, differentiation, 
and metabolism, this influence should also be imparted to the blood- 
forming tissues. 

The hypothesis that the different hormones operate through some 
common metabolic channel is an attractive one. The action of the 
thyroid, for example, might be traced to its effect in increasing somatic 
respiration which, in turn, may create a greater demand for red blood 
cells. Certain pituitary fractions are also metabolic stimulators in the 
hypoph 3 "sectomized rat.^^®* Androgens^^®* and estrogens^^^’ are 
known to modify the effectiveness of thyroid hormone, and to exert 
other impoi-tant effects on general groudh and metabolism.^^®* The 
hemopoietic effects of the adrenal msi,y represent a secondary result of 
its more general influence on electrolj^te and carbohydrate metabolism 
in the bod 3 ^^ 2 l gimilarljr, the blood derangements in the hypophy- 
sectomized animal msiy be due to its lowered basal metabolism, its 
inability to digest and absorb food properly, and its wasteful protein 
metabolism.^®^ 

The possibility, however, that certain of the hormones may operate 
directty on the blood-forming tissues must also be considered. Testos- 
terone, for example, is known to exert a stimulating effect on muscle 
groviih.^®® It also induces renal hypertrophy^®® and prevents testicular 
atrophj"^®^ in the h^’-poph^^sectomized rat. In this connection, too, it 
will be recalled that androgen is a potent erythropoietic agent in the 
hypophysectomized rat,^® but exerts no influence on its basal metabolic 
rate (figube 5). Increased erythi'opoiesis ma 3 % therefore, occur with- 
out an accompanying increased ox^^gen uptake. The problem as to 
the dii*ect or indirect regulation of hemopoiesis by endocrine principles 
could be profitably pursued by examining the effects of these agents on 
bone marrow cultivated in vitro. 

It is hardly possible to explain the hormonal effects on the peripheral 
blood in terms of plasma volume alterations. The general lack of cor- 
relation between the red cell and white cell numbem and the hemo- 
globin concentrations in the majority of the experimental endocrine 
deficiency", replacement, and overdosage studies Avould argue strongly 
against such an interpretation. Moreover, the hypoplastic bone 
marrows seen in the hypophysectomized animals, and the ability of the 
different hormones to modify this condition may be considered positive 
evidence that the endocrine glands produce their effects by influencing 
the hemopoietic process itself. The possible participation of the 
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spleen, ^28 reticulo-endothelial system in general, in endocrine- 

blood relations has also been indicated. 

Several experiments have suggested the possibility that anoxia, the 
so-called “fundamental erythroc^^togenic stimulus,’’ may influence 
hemopoiesis, through an intermediary" action on endocrine function. 
Thus, pituitary, thyroidal, adrenal, and gonadal function are all altered 
under conditions of lowered barometric pressures.^®® Support for this 
contention is obtained from the work of Meyer et al.,^ who reported that 
the hypophysectomized animal is unable to respond with increased 
ery"thropoiesis to the stimulus of anoxia, and from the work of Finkel- 
stein, Gordon, and Charipper,®® who have shown that the hypophy- 
sectomized rat, when subjected to another type of anoxia, namely 
hemorrhage, exhibits a delayed red cell regeneration. Moreover, these 
same workers have demonsti-ated that this refractoriness may be over- 
come by administration of different types of hormonal factors. The 
release, by anoxic and other hemopoietic stimuli, of hormones which 
affect bone marrow activity is an interesting hypothesis which, how- 
ever, must await more direct proof before it can be accepted. 

CONCLUSIONS 

Certain of the endocrine glands undoubtedly exert an influence on 
the process of blood formation. Stated in general terms, it would seem 
that glandular deficiencies, such as those involving the pituitary", 
thyroid, and adrenal, induce a state of anemia, and that the adminis- 
tration of glandular extracts or hormones tends to correct, or at least 
to alleviate, the anemia. The erythropoietic activity of the hormones 
is seen clearly" from their effects on reticulocyte behavior and bone 
marrow cytology. The white cell elements may also be under endo- 
crine control, and the adrenal cortex especially appears to be involved. 
But the results here are, for the most part, complex and controversial, 
and additional, more carefully" controlled experiments are needed. 

Although a complete explanation of the mechanism of hormonal 
action on hemopoiesis is still not available, future lines of research 
which may elucidate this complex problem are indicated: fuiiher de- 
tailed blood studies in endocrine-deficient animals, and the treatment 
of such animals with purified hormone preparations, general hemo- 
poietic agents, metabolic stimulants, and known nutritive factors, in- 
cluding the vitamins. Finally, attempts should be made to determine 
more precisely the nature and mechanism of the metabolic processes 
underlying the hemopoietic actions of the hormones. 
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ADDENDUM 

During the time this paper was in press, Crafts (Am. J. Anat. 79; 
267. 1946.) has reported on the beneficial effects of thyroxine in com- 
bination with iron and copper on the post-hypophysectomy anemia in 
the female rat. In another paper (Endocrinology 39 : 401. 1946.), he 
has furnished more details on the effects of castration and androgens on 
hemopoiesis in the male rat. A review of the clinical literature relat- 
ing to the role of the thyroid in blood formation has also recently 
appeared (Boenheim, Schwimmer and McGavack. Ann. Int. Med. 
23:869. 1946.). 
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P14ATB 1 

A. Femoral bone marrow of normal rat. Note its dense, compact, and non-vacuo- 
lated nature. (From Vollmer, Gtordon, Iievenstem, & Charipper.i®) 

B. Femoral bone marrow of rat 4 months after hypophysectomy. Compare 
with (A). 
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Plate 2 


A. Femoral bone marrow of rat hypopbyBectomized 6 weeks and then injected 
daily, tor 6 weeks, with O.Ol-O.OS mg. tnyroxine. Post-hypophysectomy hypoplasia 
has been prevented. Newly formed erythrogenic areas are numerous. (From 

VoUmer, Gordon, & Charipper.^) 

B. Femoral bone marrow of rat hypophysectomized 6 weeks and then injected 
daily, for 5 weeks, with 1-2 cc. adrenm cortical extract. Post-hypophysectomy 
hypoplasia has not been prevented. (From Vollmer, Gordon, & Ohajipper.^) 
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Plate 3 

A. Femoral bone marrow of rat hypophyseetomized 8 weeks and then injected 
daily, for 6 weeks, with 1.0 mg. testosterone propionate. Erythrogenic activity has 
been restored to normal levels. (From VoUmer & Gordon.^’) 

B. Femoral bone marrow of rat hypophyseetomized 8 weeks and then injected 
daily, for 6 weeks, with 10 R. U. estradiol benzoate. Hypoplasia has not been re- 
pair; fatty infiltration is marked. Compare with (A). (From VoUmer & 
Gordoa”) 
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HEMOGLOBIN AND RED CELL PRODUCTION 
IN EXPERIMENTAL HEMORRHAGE ANEMIA 

By F. S. Robscheit-Robbins 

7' he University of Rochester j School of Medicine and Dentistry, Rochester, N, Y, 

The causes of anemia, whether human or experimental, are various: 
different animals differ from one another and from human beings in 
their reaction to a given substance or stimulus. The tendency to draw 
conclusions from one type of anemia and apply them to another is a 
dangerous procedure. 

Our interest concerns a simple hemorrhage anemia produced by 
blood removal in dogs, and our discussion will be confined to red cell 
and hemoglobin production as affected by various factors. 

When a long-continued anemia replaced short anemia periods, Ave 
obtained evidence of a reserve store of materials out of which the 
anemic dog coxild fabricate much hemoglobin. Furthermore, feeding 
of a favorable diet resulted in storage of potential hemoglobin pre- 
cursors, which were draAvn upon during the ‘'after control period.'* 
This “carry-over" due to storage of hemoglobin materials in the body 
had to be exhausted before the dog again attained its base line of hemo- 
globin production, due to the standard basal salmon bread ration. 
Even during growth periods, a large reserve store of hemoglobin-pro- 
ducing materials will accumulate, if the diet is a favorable one. This 
reserve store of potential hemoglobin factors must always be considered 
in the interpretation of results obtained. Experiments have demon- 
strated that one may obtain any desired blood picture, as concerns red 
cell add hemoglobin in an adult dog, by proper choice of diet during 
the groAvth period from Aveaning on.^ 

The severity of anemia is a factor of much importance in hemoglobin 
and red cell production.^^ Hemoglobin output is increased as the 
amount of circulating hemoglobin decreases. If we suppose that the 
stimulus to hemoglobin production is zero in the normal dog Asith a 
circulating blood level of 21 gram per cent, we may safely assume that 
the stimulus to hemoglobin production is maximal at an anemia level 
of about 6 gram per cent. This gives a maximal anemia range of 15 
gram per cent hemoglobin. A moderate anemia of 11 gram per cent 
hemoglobin represents an anemia range of 10 grams (21 grams — 11 
grams = 10 gram per cent hemoglobin), or two-thirds of the maximal 
anemia range. The average values for hemoglobin production in 

( 641 ) 
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moderate anemia are very close to two-thirds of that found in the same 
dogs at the severe anemia level TSTien testing dogs vdih liver, iron 
salts, or liver extract, given by mouth, resulting values for hemoglobin 
production are two-thirds of those found under the condition of a severe 
anemia. The hemoglobin production, therefore, seems to run parallel 
to the degree of the anemia. 


Table 2 


Hemoglobix Phoduction per 2 Weeks 


Daily diet 

Dog 

35 — 2 

Dog 

1 37—22 

Moderate 

anemia 

gm. 

Severe 

anenaia 

gm. 

* Moderate , 
anemia 
gm. , 

^ Severe 
anemia 

1 gna. 

Liver, 300 gm. 

52 

96 

46 

> 89 

Fe, 40 mg. 

44 

73 

39 1 

1 57 

Liver extract 

73 

104 

41 

, 8^ 


The anemic dog can veiy successfully produce red cells and hemo- 
globin from his own body protein during a protein starvation. This 
reaction is enhanced by administration of iron, and the output of new 
hemoglobin moy be as much as 100-150 grams as the result of a two 
weeks’ fasting period. With zero protein intake, this new hemoglobin 
must be derived from the animal’s own body proteins, such as tissue, 
plasma, hemoglobin, or organ proteins. In the anemic dog, a fmgal 
conservation of nitrogenous material has been demonstrated which, in 
contrast to the control non-anemic dog, contributes to the nitrogen in 
the mine. This conser\’'ation of nitrogen may account for one-half the 
newly formed hemoglobin. A conspicuous change is apparent in the 
urea-ammonia fraction, in which values much lower than those of the 
non-anemic control are observed. In the emergency" of an anemia, the 
dog conseiwes waste nitrogenous products to form the much needed 
hemoglobin. It has been noted that fasting dogs may be kept in 
nitrogen balance by intravenous injection of dog plasma. The evi- 
dence is strong that the injected plasma proteins are used to repair body 
proteins wasted during fasting periods. Experiments indicate that 
plasma proteins in an emergency can contribute to the formation of 
new hemoglobin ai^d red cells in hemorrhage anemia.- 

The most important factor in red cell and hemoglobin production is 
diet intake. This has been studied in our dogs rendered anemic by 
blood removal. Bleeding is continued until values of about one-thii*d 
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Table 3 

Hemoglobin Construction in Anemia Dub to Iron and Sugar Feeding 
Dog 2^59, bull mongrel, male, adult. 


Diet periods, 1 wk. each 
Food, gm. per day 

Food 

con- 

sumed 

per 

cent 

wt. 

kg. 

Plaa- 

vol. 

cc. 

Hb 

index 


Blood 

Hb 

level 

per 

cent 

Hb re- 
moved, 
bled 
gm. 

Glueobe 50, c.-sug. 25 

1 

1 

1 16.6 


2.16 


7.7 

1.6 

Fe 0.4, glucose 50, c.-sug. 25 

1 j 

15.0 

822 

2.24 

33.5 

10.2 

27.4 

Fe 0.4, glucose 50, c.-sug. 25 

j 

13.7 

691 

2.19 

31.2 

9.4 

47.9 

Br. 375, sal. 100, Kl. 40 

1 100 

13.5 

844 

2.27 

19.6 

6.2 

42.6 

Br. 400, sal. 100, Kl. 40 

' 100 

, 14.7 

961 

2.35 

19.4 

6.2 

24.6 

Br. 450, sal. 100, Kl. 40 

100 

1 15.3 

1018 

2.35 

19.4 

6.2 

1.2 

Total Fe effect 







128 

Br 475, sal. 150, Kl. 40 

i 100 

t 

1 ^7.9 j 

1115 

2.27 

20.6 

6.5 

1.4 

Glucose 50, c.-sug. 25 

) ' 

1 

16.1 

1003 

2.44 

25.7 

8.7 

15.6 

Glucose 50. c.-sug. 25 

' 1 

1 14.9 

928 

2.40 

25.7 

8.5 

16.3 

Glucose 50, c.-sug. 25 

1 

1 13.3 

1 

845 

2.36 

20.4 

6.6 

24.7 


Total sugar effect 66 


Table 4 


Hemoglobin Construction and Decrease in Urinary Nitrogen Due to 
Anemia Aim Iron Feeding 

Total hemoglobin production 112 gm., equivalent to 19.0 gm. of nitrogen in anemic period. 


Days 

on Fe 

evpen- intake 
ment | 

Total 

1 

UreaN 

+ 

iNHa-N 

UreaN 

4* 

NHa-X 

Creati- 
nine N 

Crea- 
tine N 

Creati- 
nine N-h 
creatine 
N 

Uric 
acid N 

Unde- 

ter- 

mined 

N 

gm. 

' mg. per 

1 wk. 

mg. per 
wk. 

per cent 



per cent 




XotHmermc dog 29-S26 


7 


15,990 

83.0 


150 

mm 

70 

1860 

7 

2.8 



78.6 


0 


50 

1850 

7 

2.8 


9,840 

81.0 

870 

0 


40 

1390 

2 


IglgJ 


81.9 


0 

7.0 

50 

1410 

Anemic dog 29-326 

7 

0 


21,320 


1150 

460 

6.3 

HI 

2480 

7 

2.8 

13,830 

10,450 


970 

50 

7.3 

Wmm 

2250 

5 

2.8 

11,420 

8,180 


770 

360 

9.9 

■Eofl 

2040 

2 



8,230 


770 

360 

9.8 

70 

2120 
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nonaal hemoglobin are attained. These levels of a severe anemia are 
maintained for many years and, in most instances, during the entire 
life of the animal, beginning at the age of one year. Some of these dogs 
have maintained perfect health and actmty for fourteen years, in spite 
of this severe anemia. Under these conditions, a maximal stimulus to 
produce new hemoglobin and red cells is always present. Care is taken 
to protect these animals from infection, by isolation, vaccination, and 
careful handling. Their basal ration of a salmon bread mixture allows 
a production of about two grams per week over and above maintenance 
requirements. The test factor is added to this basal ration for a two- 
week feeding period. A control period of basal feeding alone follows, 
in order to evaluate any “carry-over.” Food consumption and body 
weight are recorded daily. Blood volume, utilizing a brilliant ■idtal 
red dye, red cell hematocrit, red cell counts, and hemoglobin, are 
determined each week. Under these experimental conditions, the 
value for red cell and hemoglobin production of a large variety of food 
factors has been determined in a long series of experiments.® Food 
factors may be divided into three groups: (1) the least favorable for red 
cell and hemoglobin formation, such as grains and breadstuffs, most of 
the common vegetables, some fruits, and the dairy products; (2) a 
nuddle group consisting of some of the leaf vegetables, skeletal muscle 
of beef, veal, and pork, as well as such fruits as apricots, peaches, and 
prunes; (3) the potent food factors, headed by mammalian liver. 
Chicken liver gives a similar response, and chicken gizzard is about 
90% as effective as liver. Pig liver fed to the anemic dog in daily 
amounts of 300 gm., for a period of two weeks, will result in a hemo- 
globin output of 90-100 gm. If we take this value as a base-line and 
rate it as 100%, then beef liver is lower, at 70%, and horse liver is 
higher, at 130%. Rabbit liver rates as 80%, reindeer liver as 90%, 
and dog liver as 100%. Reptilian liver (turtle) compares in potency 
for hemoglobin and red cell production to beef liver. Amphibian liver 
(bullfrog) is somewhat less effective. Fish liver (mixture of codfish, 
haddock, hake, and pollack) is of lower value and does not show uni- 
form reactions. Shark liver has a content of hemoglobin-building 
factors somewhat below that of beef liver.* 

The question of utilization of iron in anemias is still a perplexing 
problem, although much information has been gained by the use of 
radioactive iron. In an experimental hemorrhage anemia, when the 
reserve stores of iron in the organism have been depleted, the intake of 
iron becomes a limiting factor for hemoglobin formation. One would 
assume that iron, either absorbed or injected, would go directly into 
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Table 5 

Food Factobs in Experimental Anemia 
Output of hemoglobin in gm. per week 


Diet — gm. per day 1 

Hemoglobin 
production 
per wk. 

Salmon bread 450 

2 


Dairy products, bread 450 
Whole eggs 200, bread 350 
Spinach 250, bread 400 
Apricots 200, bread 300 
Fish (mixed) 250, bread 350 
Beef muscle 200, bread 400 
Pig kidney 200, bread 350 
Cmcken gizzards 300, bread 200 
Chicken Ever 200, bread 250 
Fish liver 300, bread 300 
Frog liver 300, bread 300 
Turtle liver 3()0, bread 300 
Pig liver 300, bread 300 


o 

6 

7 

20 

6 

20 

35 

40 

40 

16 

30 

35 

50 


the construction of the large hemoglobin molecule, which is then in- 
corporated into the red cell. Experimental evidence indicates that 
iron given intravenously to a healthy anemic dog is utilized almost on a 
quantitative basis for new hemoglobin formation, 10 mg. Fe equaling 
3 gm. hemoglobin.® One may dissent and suggest that iron given 
intravenously is different from that reaching the portal circulation from 
the intestinal tract. Experiments indicate that, in the emergency due 
to anemia, the healthy dog will quantitatively utilize the iron as it 
comes into the circulation, to rebuild new hemoglobin for red cells. In 
this type of anemia, different forms of iron have given a similar response 
as to hemoglobin formation. Some of the confusion of this question 
may be due to an attempt to apply findings in one type of anemia to a 
totally different type of anemia. A nutritional anemia produced by 
milk feeding and one due to blood destruction may necessarily give 
different potency values for iron. Iron feeding experiments are com- 
plicated by the factor of absorption, which, in turn, is influenced by the 
actual need for iron within the body. When there is a distinct need for 
iron, a fair quantity of the element will pass from the gastrointestinal 
tract into the blood stream. When iron reserves are ample, very little 
is assimilated. Studies by Hahn, Bale, Lawrence, and Whipple® have 
confirmed these earlier findings. With the use of radioactive iron, 
these investigators demonstrated that, when feeding this material, a 
fair amount of the radio iron had found its way into the red cell within 
a period of 5 to 8 hours. That plasma is the mode of transportation of 



R0B8CHEIT-R0BBINS: EXPERIMEXTAL HEMORRHAGE ANEMIA 647 


iron from the intestinal tract to points at which it is further utilized, 
has also been determined by the use of radio iron. 

Cobalt and copper have been studied extensively.’ Under the condi- 
tions of a simple hemorrhage anemia, cobalt has little, if any, effect" on 
hemoglobin and red cell production, and may be toxic. An inhibitorj' 
effect is evident when more than miniTn a,! doses are given. Copper 


Tablb 6 
Cobalt 


Daily 

dose 

mg. 

Hemoglobin output 

No. of 
experiments 

! 

Co i 

m- 1 

Control 

Fe 40 mg. 
gm. 

5 

5 

52 

1 1 


5 

56 

■ 2 


3 

55 

2 

25 

0 

56 

1 1 


0 

59 

1 1 

40 

5 

56 

i 2 


Table 7 


COPPEE 


Daily 

dose 

mg. 

Hemoglobin output | 

1 

No. of 
experiments 

i 

Cu 

gm. 

1 Control ! 

1 Fe 40 mg. 

1 gm. 1 

5 

19 

55 



20 

54 ! 

1 4 

15 

21 

57 

4 

20 

18 

53 

4 

30 

11 

57 

3 

40 

6 

57 

4 


added to a standard diet often produces a moderate increase in hemo- 
globin and red cell formation in anemia due to blood loss. This re- 
sponse is quite irregular, in contrast to that when iron is given. In 
these dop, there is no actual deficiency of the element. One might 
think of an effect upon enzyme complexes related to ^obin and hemo- 
globin production. 

Following the studies of diverse animal liver material, speculation 
arose as to the concentration of potent factors for hemoglobin regenera- 
tion in the human liver, normal as well as abnormal. As opportunities 
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Table 8 


Hemoqlobin Pbodtjction Factobs in Human Liveb 


1 


Average 

Diagnosis 

Cases 
, Number 

Iron 
content 
mg. per cent 

Ratio 
human 
to control 
per cent 

Normal 

9 

12 

162 

Acute infections 

11 

— 

117 

Chronic infections 

16 

12 

149 

Passive congestion liver 

6 

— 

94 

Amyloid — ^fat liver 

10 

— 

111 

Cancer liver 

8 

15 

75 

Cirrhosis 

20 

9 

164 

Hepatitis — ^insufficiency 

10 

10 

48 

Pernicious anemia 

8 

51 

218 

Aplastic AriftTYiift 

4 

70 

201 

Seconds^ anemia 

10 

7 

135 

Leukemia 

i 

13 

126 


presented themselves, tests have been carried on with the standardized 
anemic dog. The results obtained hold interest for the experimental- 
ist, as well as the clinician who wishes to understand the therapy of 
anemia. Biological tests have been made with normal human liver, 
as well as material of clinical disease. When 300 gm. pig liver is given 
daily for 14 days to the anemic dog, we obtain an average return of 100 
gm. hemoglobin or a ratio of 4200 to 100; that is, 42 gm. of pig Uver are 
equivalent to 1 gm. hemoglobin as tested by biological assay. Normal 
human liver tissue (external trauma) contains considerably more of 
hemoglobin-producing factors than the normal control animal liver, so 
that 26 gm. of human liver represents 1 gm. potential hemoglobin. 
When evaluating abnormal livers, it becomes evident that only under 
conditions of severe injury does the liver cell give up the unknown sub- 
stances which can be used to produce new hemoglobin and red cells. 
Even in fatal liver insufficiency, the liver cells still contain some of these 
potential hemoglobin-building factors. Primary and aplastic anemias, 
by way of contrast, show considerable excess storage of the factors 
within the liver. The suggestion of a lack of some essential factor re- 
sponsible for red cell stroma production was offered by Whipple as 
early as 1922.^^ It was pointed out that a large excess of pigment 
material existed in the red cells, body fluids, and tissues. This pig- 
ment material could not, however, be utilized because of this lack of 
some essential factor. The data in tabi<b 8 support this hypothesis 







R0BSCHEIT-R0BBIN8: EXPERIMENTAL HEMORRHAGE ANEMIA 649 


and show a definite excess of hemoglobin-building factors stored in 
the liver. 

In comparison, secondary anemia due to blood loss demonstrates low- 
normal values. Secondaiy anemia due to blood destruction within the 
body shows higher values. Iron analyses demonstrate marked 
differences. 

Iron concentration within the liver psirenchyma does not parallel the 
concentration of hemoglobin-producing factors. 

When red cells become obsolescent and disintegrate, we may ask 
whether a resurrection occurs. Experiments indicate an affirmative 
reply. We know that iron is treasured by the body and that only 
minute amounts escape by way of bile and urine. ® Globin, apparently, 
is used over again to form new hemoglobin, or to suppty other protein 
needs of the body. 

To some investigators, when considering hemoglobin and red cell 
construction, the question of the pigment radicle may appear of pri- 
maiy importance, possibly because of its color and its relation to other 
body pigments. Experiments with anemic bile fistula dogs given 
hemoglobin by vem demonstrate considerable new hemoglobin forma- 
tion, just as in the non-bile fistula anemic dog. However, the bile 
fistula dog also shows increased bile pigment output sufficient to ac- 
count for 70 to 90 per cent of the pigment radicle contained in the in- 


Tabiie 9 

Doo Hemoglobin Given Intravenously 


wt. 

kg. 

Diet periods — 1 wk. each 
gm. 

Food 

cons. 

% 

Plasma 

vol. 

cc. 

Bed c. 
hemat. 
% 

Hb. 

level 

gm. 

Hb. 

remov. 

gm. 

19.7 

Bread 500, salinon 75 


1048 


5.7 

1.4 

20.0 

Hemoglobin 10.2* 

100 


22.6 

6.3 

1.3 

20.0 

Hemoglobin 28.6* 

98 


25.2 

7.6 

22.7 

19.6 

Hemoglobin 16.0* 


966 

20.9 

6,2 

32.1 

19.4 

Bread 500, salmon 75 


968 

22.3 

6.3 

1.3 

12.2 

Bread 375, salmon 75 

100 

788 

23.0 

5.8 

1.2 

12.4 

Hemoglobin 6.2t 

100 

772 

25.5 

6.2 ! 

1.2 

11.9 

Hemoglobin 18.2t 

100 

710 

25.8 

6.2 

29.0 

12.6 

Hemoglobin 22.4t 

100 

750 

25.8 

6.2 

1.4 

12.7 

Bread 375, salmon 75 

100 

744 

19.9 

5.1 

24.4 

12.7 

Bread 375, salmon 75 ! 

100 

744 

19.9 ! 

5.1 1 

1.1 


* Salmon bread 500, salmon 75. 
t Salmon bread 875, salmon 75. 
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jeeted hemoglobin.® In order to explain this reaction, we suggest that 
from the injected hemoglobin the p3UTol aggregate is split off to form 
bilirubin, and that from the u-on and globin fractions plus newly 
formed pjTrol aggi’ogates there is formed new hemoglobin, which 
appears in the circulating red cells. The body in the emergency of 
anemia can s^mthesize the pyrrol radicle in considerable amounts. 
However one may wish to interpret this reaction, it is obvious that the 
dog, under this condition, can produce a large excess of the pigment 
radicle promptly, whether it is eliminated in the urine as bile pigment 
or incorporated in the newly formed hemoglobin. The non-fistula 
anemic dog conseiwe up to 90% of the introduced hemoglobin to be 
turned out as new red cell hemoglobin. Globin would, therefore, ap- 
pear to be the limiting factor in new hemoglobin production in such an 
experiment. Thus, studies concerning globm are of interest. The 
standard anemic dog utilizes globin given by mouth to good advantage 
for hemoglobin and red cell formation, demonstrating approximately 
30 per cent utilization. For comparison, we observe only a 10 to 
15 per cent utilization of hemoglobin given orally. Globin given bj' 
vein does not give a uniform reaction as in intravenous hemoglobin 
administration. The reasons for this difference in reaction may be sub- 
ject to debate. Hemoglobin is a naturally occurring substance in the 
circulation as red cells disintegrate. Globin, as we use it, is probablj' a 
foreign substance produced bj’ acid acetone precipitation. It is often 
toxic, even in moderate doses, and alwaj'S so in large doses. In other 
words, the breakdown of hemoglobin within the bodj”^ produces a 
slightly different substance than the globin produced by acid acetone 
precipitation. 

A natui'al sequence to the evaluation of various pi'oteins in e.xperi- 
mental hemorrhage anemia for hemoglobm and red cell production, is a 


Table 10 

Intbatbnous Globin Digest (Tktpsin) 

Digest of globin — 50 to 60 per cent of ordinal globin by weight. 


Dog 

No. 

Total 

globin 

given 

gm. 

Fe in 
globin 
mg. 

Hb. 

produced 
net gm. 

Per cent 
return 
as Hb. 

Liver 

control gm. 

32-5 

72 

6 

25 

35 

98 

36-6 

88 

7 

22 

25 

67 

34-149 

82 

6 

26 

32 

67 

34-148 


6 

30 

, 38 

85 

34-149 

1 

53 

4 

17 : 

32 

67 
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"fetudy of the individual amino acids. These are of great interest to the 
experimentalist and clinician alike. Extensive studies have been 
earned on to evaluate these important substances as to their influence 
on red cell and hemoglobin production.^" A variety of single amino 
acids is utilized in the complex reaction related to hemoglobin building 
under the stimulus of a continuing anemia due to blood loss. When 
amino acids are given with the basal ration, it may safely be assumed 
that practically aU of them are absorbed, along with the mixture of 
amino acids derived from digestion of the diet protein. The body is 
able to furnish other needed amino acids from protein stores or from 
protein wear and tear. When a feeding experiment with an amino acid 
is frankly negative, we assume that one or more of the needed supple- 
ments were not available at the time, or that the missing amino acid 
was used to fill some more urgent demand Avithin the body. Histidine, 
phenylalanine, proline, cystine, glutamic and aspartic acids, and gly- 
cine can account for new hemoglobin production of 23-25 gm. above 
the control level which is equivalent to about 25-30 per cent of a 
standard liver output. This response follows daily feeding of 1 gm. of 
amino acid for a period of two weeks. Valine, isoleucine, arginine, and 
alanine, in the same dosage, increase the hemoglobin output on the 
average from 13 to 17 gm., when fed for two weeks. Leucine, methio- 
nine, lysine, tryptophane, and tyrosine demonstrate a surplus hemo- 
globin output of about 20 gm. Increasing the intake to 5 gm. daily 
has little additive effect. It is of interest that, under these experi- 
mental conditions, the isomeric and d/-synthetic forms of the amino 
acids are as effectiveb’’ utilized as are the natural forms. 

A discussion of hemoglobin and red cell formation would not be com- 
plete without calling attention to factors which hinder their production 
in spite of building stones very readily available. Infections and a 
variety of intoxications markedly modifj' blood formation. Blood 
destruction is frequently believed to be the cause of clinical anemias 
which develop in association with an infection. We believe that the 
essential factor is a disturbance of the internal metabolism which is 
concerned with the building-up of the lai^e hemoglobin molecule. An 
endometritis occurring in several of the anemic dogs offered an excellent 
opportunity to study the effect of an infection upon red cell and hemo- 
globin production.^ There was no evidence of any significant red 
blood cell destruction, and strong evidence that the absorption of food 
constituents was normal. In spite of apparent health and normal food 
consumption, the capacity to form hemoglobin and red cells failed 
slowly over a period of months. Finally, no hemoglobin was formed. 
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Habiie 11 

Infection — ^Endometkitis 


Dog 24-25. Bull, female, adult 


Diet periods 1 wk. each 

Food, gm. per day 

Food 

con- 

sumed 

per 

cent 

wt. 

l£g- 

Plas- 

ma 

1 vol. 
cc. 

R.B.C. 

mil. 

Blood 

hemo- 

globin 

level 

per 

cent 

Hemo- 

globin 

re- 

moved 

per 

week 

gm. 

Bread 450, salmon lOO, Klim 40 

100 

24.4 

1120 

5.9 

93 

1.4 

Bread 450, salmon 100, Klim 40 

89 ! 

23.4 

1129 

5.2 

72 

2.1 

Bread 450, salmon 100, Klim 40 

100 

23.1 

1320 

4.9 

69 

2.0 

Bread 450, salmon 100, Klim 40 

100 

23.1 

1285 

4.7 

55 

1.4 

Secondary anemia extract+Fe 

100 

23.7 

1248 


49 

2.1 

Secondary anemia extract+Fe 

100 

23.6 

1275 

4.6 

77 

2.1 

Pig liver 300, bread 350, Klim 40 

100 

23.6 

1406 

4.2 

62 

2.6 

Pig liver 300, bread 350, Klim 40 

96 

23.5 

1505 

3.4 

46 

3.3 


Hysterectomy 


Pig liver 300, secondary anemia extract-HFe 


22.3 

1460 

3.9 

51 

3.8 

Pig liver 300, secondary anemia extract-1- Fe 


22.8 

1359 


56 

3.6 

Bread 400, salmon 150, Klim 50 

■ iM 

22.4 

1195 

4.7 

64 

1.6 

Bread 400, salmon 125, Klim 50 

mjm 

23.1 



62 

42.1 

Bread 450, salmon 125, Klim 50 

■ iM 

23.1 

1284 


62 

52.7 

Bread 450, salmon 100, Klim 40 

■ ilil 

22.9 

1325 

4.8 

58 

70.8 

Bread 450, salmon 100, Klim 40 


22.8 

1322 


48 

1 

47.2 


in spite of a liver diet. A vagmal discharge pointed to the uterus. 
Hysterectomy •was promptly followed by a return to normal hemo- 
globin production. To test this effect experimentally, a series of 
anemic dogs were given turpentine, subcutaneously. The developing 
sterile abscess ©ves the exact picture of bacterial abscess, fever, leuco- 
cyte^, accumulation of pus, and increased nitrogen excretion in the 
urine. Bacteiia and turpentine lull tissue at a local spot, and the re- 
actions are obviously due to disintegration of host protein with escape 
of split products. Intoxication may be the best term for the condition 
produced by a sterile abscess. Hemoglobin output is markedly de- 
pressed, even when liver is fed. This lag of hemoglobin production is 
even more conspicuous during fasting periods, when the usual abun- 
dant production of red cells and hemoglobin is reduced to zero. 

In contrast to the picture shown during an infection, the dog having 
a ^omerulonephiitis shows but little incapacity to produce hemoglobin 
and red cells under these anemic conditions. Spontaneous ^omerulo- 
nephritis develops not infrequently in the anemic dog. The course of 
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Table 12 

Net Hemoglobin Production as Influenced by NEPHRiTib 
Figures in parentheses indicate number of complete experiments. 


Test factor daily for 2 wks. 

Control 

Early^ 
nephritis ^ 

Late 

^ nephritis 

Liver, 300 gm. 

Hemoglobin production, gm. 




95 

80 , 

71 

Per cent of normal 

Liver extract without iron 1 

100 i 

1 

1 84 (14; 1 

1 

76 (9) 

Hemoglobin production, gm. 


1 

36 

Per cent of normal 1 

Liver extract with iron 

1 

1 100 

94 (4) 

72(5) 

Hemoglobin production, gm. 

79 1 

1 58 

59 

Per cent of normal 

Kidney, 300 gm. 

' 100 1 

1 

74 (4) 

76(7) 

Hemoglobin production, gm. 

85 

46 

42 

Per cent of normal i 

> 100 i 

1 54 (2) 

49 (8) 

Iron, 40 mg. 

Hemoglobin production, gm. 

, 55 

1 i 

53 

1 

41 

Per cent of normal 

100 

1 96 (10) 

76 (12) 


this nephiitis is insidious and usually extends over a period of years, 
but ends in uremia. Nephritis causes little or no change in hemo- 
globin production in these anemic dogs in the early stages of the disease. 
During the late stages, there may not be any changes in hemoglobin 
output, or only moderate ones. In advanced nephritis, the average is 
70 per cent of normal hemoglobin production.^® 


Table 13 

jMaximal Hemoglobin Production — Grams per Week 
Standard Continuinq Anemia of 6 to 8 gm. Hemoglobin 


1 

Dog 

No. 

1 i 

Dog 

average 

normm 

weight 

kg. 

1 

Daily 

diet 

Liver 

300 

gm. 

Daily diet 
salmon bread 
plus iron 

1 400-450 mg. 

Daily diet 
salmon bread, 
liver plus iron 
400-450 mg. 

Daily diet 
liver, salmon bread 
plus iron by vein 

24 mg. 

Re- 

duced 

Fer^ 

ric 

Fer-* 

TOUS 

Re- 

duced 

Fer- 

ric 

Fer- 

rous 

1 

Colloidal 

Fe 

Estimated 
plasma 
, protein 
removed 

39-1 

18.0 

45* 

60 

51 

50 

62 

58 

m 

92 

71 

40-26 

14.5 

50 

59 

45 

60 

56 

63 


80 

49 

37-21 

18.0 

41* 

58 

64 

54 

53 

52 

51 

82 

53 

34-148 

18.0 

44* 

49 

49 

54 

47 

63 

71 

106 

58 

34-145 

20.0 

47* 

47 

55 

57 

63 

82 

56 

95 

52 

37-89 

14.0 

40* 

32 

54 

42 

39 

48 

47 

84 

47 

33-14 

12.0 

38* 

28 

41 

44 

38 1 

58 

56 

75 

48 

Average 

16.3 

44 

48 


52 

51 

61 

ml 

88 

54 


Averace 2 to 6 experunents. 
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The maximal output of hemoglobin and red cells is of considerable 
interest to all investigators, and one may well question what is the ceil- 
ing for red cell and hemoglobin production in the healthy anemic dog. 

Experiments indicate that from 0.8 to 0.9 gm. per kilogram per day 
is apparently an approximation to the true value for maximal hemo- 
globin production in the healthy anemic dog receiving a large protein 
intake with available iron. Studies carried on with this question in 
mind give the following information: Experiments with liver feeding 
(300 gm. daily for 2 weeks) yield net hemoglobin production figures of 
40-50 gm. per week.^® Liver and iron by mouth combined do not give 
a summation, but raise the net output to approximately 60 gm. per 
week. When abundant food protein is given by mouth, supplemented 
by intravenous iron, w’e observe hemoglobin production up to 90-100 
gm. per week. This marked increase must be due to more available 
iron. We know that iron absorption is dilQBicult. One limiting factor, 
then, is iron absorption. The body machinery for hemoglobin produc- 
tion can manufacture a greater quantity of globin than the amount of 
iron which the body can supply to this machinery through absorption. 
Maximum figures for hemoglobin production in a hemorrhage anemia 
may be close to 1 gm. hemoglobin per kilogram per day. This observa- 
tion emphasizes again the great capacity of the body to produce new 
protein and channel the output into the area of acute need. 


Table 14 

Comparison of Red Marrow Spread and Standard Hemoglobin 
Production in Anemic Dogs 


Red marrow spread 

Hemoglobin production on 

1 standard diets 

Maximal — 100 per cent ^ 

Maximal — 98 per cent 

‘ Sliehtly subnormal 

Subnormal 

Average~86 per cent 

Slightly subnormal 

Average — per cent 

Normal 

Subnormal — 65 per cent 

Above normal 

Subnormal — 65 per cent 

Slightly subnormal 

Minimal — ^20 per cent 

Normal 

Aplasia — 10 per cent 

Subnormal 

1 


In view of this severe and long continued anemia, one is much in- 
terested in observing the bone marrow spread at autopsy. It was 
logical to anticipate some evidence of marrow exhaustion, as the 
anemia periods were extended through 6 to 8 years, yet such evidence 
is very meager. A shrinkage of red marrow may be apparent, rather 
than a degenerative change of the red marrow cells. red marrow 




ROBSCHEIT-ROBBIXS. EXPERIMENTAL HEMORRHAGE ANEMIA 655 


spreads or shrinks, fat cells act as a cushion to take up or give up space. 
With red cell expansion, fat cells retire, and as marrow shrinks, fat 
cells take its place in the cancellous bone lacunae. In the described 
type of anemia, one might expect a wide red marrow spread, and some 
dogs indeed show such a condition with red marrow filling all the can- 
cellous bone in ribs, vertebrae, and long bones. This is a maximal red 
marrow spread. Others show much less spread, hardly more than that 
of normal non-anemic adult dogs, and yet produce as much hemoglobin 
as those with hyperplastic marrow of maximum spread. The minimal 
red marrow spread may involve as little as 10 to 20 per cent of the 
maximal area. All gradations between these extremes may be ob- 
served. The extent of the red marrow spread is not dependent upon 
the length of the anemia period, nor is it related to the capacity of the 
dog to produce red cells and hemoglobin on standard diets. 
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IRON AND PORPHYRIN METABOLISM IN 
RELATION TO THE RED BLOOD CELL 

By S. Gbanick 

The Rockefeller Institute for Medical Research^ New York, N, Y, 

INTRODUCTION: THE STRUCTURE OF HEMOGLOBIN 

One of the striking features of the evolution of the vertebrates is the 
development of a special oxygen-carrying molecule, hemoglobin, to 
meet the demand for the rapid combustion of metabolites in the body 
cells. There is only one other compound, the Cu*^ protein hemocyanin, 
known today which possesses this property of hemoglobin, of forming 
a reversible addition compound with oxygen. * A further evolutionary 
adaptation is the concentrating of the hemoglobin molecules into spe- 
cialized cells, the erythrocyi;es, in which the hemoglobin makes up over 
80 per cent by dry weight of the cells. Calculated in terms of heme, 
the hemoglobin present is equivalent to about 1 billion molecules of 
heme per erythrocyte. If we compare this mth the heme of an aerobic 
yeast cell of 7^ diameter, which contains heme enzymes that activate 
oxygen, we find that such an actively respiring cell contains only about 
250,000 heme molecules per cell. Or, to put it in another way, the 
erythrocyte contains about 4,000 times more heme than an aerobic cell 
of about the same size.f 

Before discussing the synthesis and destruction of the heme molecule, 
we shall briefly consider, by way of introduction, the anatomical details 
of the heme and its attachment to the globin molecule, as revealed by 
more recent studies (figure 1). From the x-ray and optical data of 
Perutz,^® and from the work of others, the following picture of the 
horse hemoglobin molecule is suggested. It is a protein of molecular 
weight 66,000, with 4 hemes lying parallel to each other on its surface. 
Two hemes are represented on the upper and two on the lower surface 
of the protein, although it is not possible to rule out that all four hemes 
may be on the same surface. The globin itself has the dimensions 

♦ K. Calvin ei a/. (J. Am. Chem. Soc. 68: 2254>-2267. 1946.) have recently re- 

ported on a number of cobalt coordination compounds of salicylic aldehyde and 
ethylene diamine that have the property of reversibly combining: with oxygren 
in the solid state. A cobalt complex of histidine in aqueous solution also ap- 
pears to combine reversibly with oxygen according to the note of D. Bnrlc et al, 
(J. Biol. Chem. 165: 728. 1946.). X^haells (unpublished) has found that this 

latter compound behaves like hemoglobin, since it loses its paramagnetic sus- 
ceptibility when combined with oxygen. _ ^ 

T Recent careful siudies on the nauit rat by GrandaU & DxablctiL (J. Biol. Chem. 
1663 653. 1946.) indicate that much higher concentrations of heme catalysts are 
present in tissue cells than had hitherto been suspected. They give the ratios 
of hemoglobin, myoglobin : cytochrome c, as 222 : 7 : 1. 

( 667 ) 
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Fiqubg 1. Anatomy of the horse hemoglobin molecule. 


64 X 36 X 48 A.**, tind is somewhat dumb-bell shaped in cross-section. 
The disposition of the peptide chains in the protein as represented in 
the figure should be considered merely as a suggestion of a possible ar- 
rangement. It would contain four layem of peptide chains, a layer 
being 9 A. thick. Each laj’er would be made up of four folded, in- 
dhudual peptide chains, and an individual peptide chain would consist, 
on the average, of about 34 amino acids. 

Let us next consider the more intimate structural details of the heme 
units. Bj' now, it has been well established that the heme molecule is 
made up of an iron atom, coordinately bound in a porphyrin ring. 
The naturally occurring porphyrin, protoporphyiin IX, because of its 
resonating structure of alternating single and double bonds, is a planar 
molecule of dimensions 14 X 17 A®. It consists of four pyrrole rings 
attached to each other through four — CH=, methine, bridges. It 
has a characteristic arrangement of eight side chains attached to the 
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jS, jS' positions of the pyrrole rings, the sequence of the side chains 
around the ring being methyl, vinyl, methyl, vinyl, methyl, propionic 
acid, propionic acid, methyl. The methyl groups are suggested to pro- 
tect the molecule fi’om any possible side reactions in the cell. The 
vinyl groups appear to be necessarj’’ for the insertion of iron into the 
porphyrin.®® The iron is coordinately bound by the four nitrogens of 
the ring, with the possibilit3' of binding tyvo more atom groups above 
and below the planar surface. 

Each heme is attached to the globin surface at three places. The 
two ionized propionic acid side chains of the heme are held by two 
strongly basic groups of the protein.^ The third attachment is 
through the iron to a specific group on the protein, possibly an imidaz- 
ole nitrogen. This latter attachment, representing the fifth coordina- 
tion link, may perhaps be responsible for maintaining the iron in the 
ferrous state and endow the heme with the peculiar property of permit- 
ting the sixth coordination link to be reversiblj' held b}' an oxygen 
molecule. 

The addition of O2 to the ferrous hemoglobin to form ferrous oxy- 
hemoglobin, produces a profound change in the electronic structure of 
this molecule. The magnetic measurements of Pauling and Coryelh®- * 
have shown that a molecule of ferrous hemoglobin contains four un- 
paired electrons. The oxygen molecule in its normal state is a biradi- 
cal, also containing two unpaired electrons. When O2 adds to form 
ferrous oxyhemoglobin, not only do the four electrons of the iron atom 
pair, but the two electrons of the O2 molecule also pair, resulting in a 
diamagnetic compound. Although the theoretical aspect of this mat- 
ter is not clear in everj' respect, it is a reasonable hypothesis to assume 
that this unusual electronic configuration of the O2 molecule within the 
oxyhemoglobin complex is causally linked with the inability of the O2 
to oxidize the ferrous hemoglobin to the ferric state. 

In order to clarify the steps for normal heme production and destruc- 
tion, the material is presented in two parts, one coimected with iron 
metabolism, and the other with porphyrin metabolism. The patho- 
logical abnormalities of these mechanisms will not be considered in 
this paper, since they will be discussed elsewhere in this conference. 

IRON METABOLISM 

In single-celled life and in the lower animals, where hemoglobin is 
absent, heme pigments are present in verj' small amounts and function 
as portions of the oxidative catalysts. Yeast cells, for example, con- 
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tain heme in a concentration of about three parts in one hundred thou- 
sand. In a 70-kg. man, the iron required for the manufacture of all 
the heme proteins of the body, except oxyhemoglobin and muscle 
hemoglobin, is only a few hundredths of a gram. In contrast to 
this, the iron required for the manufacture of the heme of the red blood 
cells is about 3.0 gm. : that is, about several hundred times as much 
iron is required for the red blood cells as for all the other body cells 
combined, excluding muscle hemoglobin. From these figures, it may 
be inferred that, during evolutionary development of the oxygen- 
transporting system, mechanisms had to be found for supplying and 
regulating the biologically huge quantities of iron required by the 
vertebrate for the manufacture of hemoglobin. The handling of more 
than trace amounts of iron appears to produce toxic symptoms, one 
suggestion being that, at body pH, ferric hydroxide has a great ten- 
dency to form, and this compound has the property of precipitating 
proteins indiscriminately. 

The more we learn about the iron metabolism of the body, the more 
we become cognizant of the specific mechanisms which have been 
developed to care for the iron, to shuttle it and channel it along well 
defined, prescribed routes to its destination. We shall attempt to 
discuss these mechanisms below. 

Iron Absorption 

Because of the high iron requirement, a means had to be devised by 
the body to facilitate considerably the absorption of iron from food- 
stuffs. In this connection, two significant properties of iron com- 
pounds should be mentioned: the great insolubility, at body pH, of 
monomolecularly dispersed ferric hydroxide (about 1 X 10~‘^ gm. 
Fe+++ per cc.), and the far greater solubility of ferrous hydroxide 
(about 5 X 10“^ gm. Fe++ per cc.). Iron absorption is facilitated by 
converting the colloidal ferric hydroxide of foodstuffs to ferric ions, by 
means of the HCl of the stomach. At the same time, at this acid pH, 
the ferric iron is reduced to the ferrous state by the SH groups of pro- 
teins, ascorbic acid, and other reductants in the food.” This reduction 
may be readily demonstrated in the rat, for example, by feeding a, a 
dipyridyl with the food, as was first done by Lintzel.** The pyloric 
region becomes red, due to the formation of the ferrous dipyridyl com- 
plex. In the same paper, Lintzel also clearly showed that ferrous iron 
was the form in which iron was absorbed from the intestinal tract. 
When a, a dipsuidyl was fed to young rats, it tied up any ferrous iron 
that was formed in the tract, the dipyridyl complex being completely 
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excreted in the feces. Under these conditions, no ferric iron was ob- 
served to be absorbed, and the growing rats became anemic. 

Having made the iron available for absorption, how was the body to 
regulate the total quantity of iron? With Na+ and K+, the body can 
absorb huge quantities and excrete the excess, thus maintaining a level 
for these elements in the body. In 1937, Widdowson and McCance^’ 
first demonstrated conclusively that no mechanism existed for the ex- 
cretion of iron. Since the body did maintain a relatively constant 
level of iron, the conclusion was unavoidable that a mechanism must 
exist for the regulation of iron absorption, and that this mechanism 
must reside in the gastrointestinal mucosa. The work of Hahn, Bale, 
Ross, Balfour, and Whipple,^* using radio iron as tracer, indicated some 
remarkable properties of this regulatory mechanism. When a chroni- 
cally anemic dog was fed radio iron, it was found that the iron was 
absorbed at a rate 10 to 20 times that of the normal dog, indicating 
that a resistance or “mucosal bloc” to iron absorption was present in 
the normal dog. There appeared to be a time factor and an intensity 
factor connected with this resistance. For example, when several 
hours after feeding iron a dose of radio iron was fed, it was found that 
the second feeding resulted in a lower rate of iron absorption than was 
expected. This resistance appeared to develop rapidly in intensity 
during a period of several hours, and to decrease relatively slowly 
within several days. There also appeared to be a relation between this 
resistance and the bodily stores of iron. When a normal dog was bled 
severely, the rate of iron absorption was foimd to be normal for about 
one to two weeks. Only after the bodily stores of iron had been 
utilized for hemoglobin production did the rate of iron absorption from 
the tract increase significantly. On the basis of these properties, 
Hahn et d. suggested the hypothesis that an iron acceptor, possibly 
similar to apoferritin, might be present in the mucosal cells. When 
this protein acceptor was saturated, no further iron would enter the 
cells. 

It has recentlj^ been demonstrated that ferritin is one of the im- 
portant factors m the regulation of iron absorption.” Ferritin is a 
compound of the protein, apoferritin, of molecular weight 465,000, hav- 
ing on its surface small micellar units of a particular kind of ferric 
hydroxide.® The iron can make up as much as 23 per cent by dry 
weight of the compound. Ferritin was first discovered by Laufberger, 
who obtained it as a crystalline compound with CdS 04 . It is possible 
to remove the iron completely from the protein, and the protein itself 
will then crystallize with CdS 04 . Still another peculiar property of 
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ferritin was discovered by Michaelis, namely, that the iron hydroxide 
in ferritin is magnetically distinguishable from iron hydroxides found 
elsewhere in nature. 

In order to demonstrate the relation of fenitin to the regulation of 
iron absorption, the guinea pig was used as an experimental animal. 
Ferritin could be shown to be present in traces normally in the duo- 
denal mucosa of the guinea pig. When iron was fed, an increase in 
ferritin content was observed in the mucosa all along the gastrointesti- 
nal tract. In the duodenum, the ferritin content reached a maximum 
in seven hours and decreased by the third to sixth day to the level 
foimd in the control guinea pig. These changes in ferritin content 
parallel the rapid rise in resistance to iron absorption by the mucosa, 
and also parallel the relatively slower decrease in the resistance or 
diminution in the mucosal bloc. 

The mechanism for the control of iron absorption suggested is the 
following (figure 2) : Iron is absorbed by the mucosal cells in the fer- 
rous form. In the mucosal cells, it is postulated that an equilibrium 
exists between the ferrous iron of the cells and the ferric iron of ferritin. 
In the presence of ferritin, the cells are considered to be “physio- 
logically saturated” with fen’ous iron. Only when the ferritin iron has 
decreased to a point where the cells are no longer “physiologically 
saturated” with ferrous iron would more iron be absorbed by the cell.* 
It is this slow, desaturation process, maintaining the cells in a state of 
saturation for several days, which is postulated to delay further iron 
absorption from the gut and which thus represents the “mucosal block.” 

At this point, we may note a curious and unexpected finding. It 
might have been expected that the protein, apoferritin, is present in 
the mucosal cells, and that, when the iron comes along, it gets attached 
to the apoferritin. This, however, is not the case. When there is no 
ferritin, or very little, in the mucosa, neither is there apoferritin. 
When iron is absorbed, the apoferritin increases markedly and com- 
bines with the iron. Thus, the absorbed iron in some way appears to 
induce the formation of a specific protein to which it can attach itself 
in a specific manner. It should also be noted that, when ferritin is 
being depleted of its iron, the apoferritin also rapidly disintegrates. 

* The concept of “physiological saturation with respect to ferrous iron** ex- 
presses a dynamic rather than a static concentration of ferrous iron within the 
cells. This saturation level may be considered to be governed by the rate at 
which ferrous Iron is oxidized and formed into ferritin iron micelles and the rate 
at which the reduction of ferritin iron micelles will occur to the ferrous state. 
These rates are evidently not fixed but depend on what may be loosely called the 
“redox” level of the cell, that Is, the concentration and rate at which substances 
are being activated as reductants and the concentration and rate at which oxygen 
is being activated as oxidant 
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Iron Transport 

The iron entering or leaving the cells is postulated to be in the ferrous 
form, because of the greater solubility of this form. It is assumed that 
iron leaves the mucosal cells and enters the blood stream in the ferrous 
form. In the blood stream, it is immediately autoxidized to the 
feme form. Here again, the body appears to have developed a special 
mechanism for transporting the iron. The iron is not attached hap- 
hazardly to the serum proteins in general, but appears to be attached 
to a protein contained in the globulin fraction.®* In this frac- 
tion, Schade and Caroline found a substance to be present which binds 
iron so firmly that this iron cannot be used by the Shigella organism for 
its growth. The complex of the iron-protein is of an orange-brown 
color, resembling the iron complex that was found by these authors 
with a component of egg white.®* 

The serum iron, in normal man, runs about 130 7 per cent. When 
10 mg. of iron were injected intravenously, Waldenstrom,** and later 
Holmberg and Laurell** found that a maximum value of about 300 7 
per cent iron was obtained. This was reached in five minutes, and 
remained at about the same level for several hours. This amount of 
iron in the serum was less than expected, if one calculated the iron 
concentration on the basis of total plasma of the body. Intravenous 
injection of more iron did not increase the serum iron level, but rather 
led to the development of toxic symptoms. The saturation level for 
serum iron suggests that a limited amount of a specific substance is 
present in the blood stream to carry the iron. Schade and Caroline 
calculated that the concentration of their active fraction in the serum 
was sufficient to carry about 260 7 per cent Fe at saturation level, in 
good agreement with the approximately 300 7 per cent Fe actually 
observed at that level. 

The iron in the serum has the interesting property of being readily 
reduced by hydroquinone at pH 4.6.“ Ferritin iron, in contrast, is 
scarcely reduced imder these conditions. Here, then, are two iron 
compounds of the body, of non-porphyrin nature, which can readily be 
distinguished from each other by their ease of reduction. 

Iron Stori^e 

In radio iron studies made in collaboration with Hahn, it has been 
found that large amounts of iron, as ferric ammonium citrate, can be 
taken out of the circulation within a few hours, chiefly by the liver. 

• B. J. Cohn’s group at Harvard has recently crystallized this serum protein. 
It has a molecular weight of 90,000 and appears to carry one iron atom per pro- 
tein molecule. 
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The iron absorbed by the liver, spleen, and bone marrow is stored 
mainly in the form of ferritin.® After injecting 9 mg. of radio iron, as 
ferric ammonium citrate, intravenously into a dog, some 40 per cent of 
it was recovered in the liver in the first hour, and 60 per cent in the 
second hour. After thirteen days, 82 per cent of the radio iron was 
found in the liver. Of the iron isolated in the ferritin-rich fraction, 
and in the crystalline ferritin, about three-fourths was found to be 
radio iron. 

The iron of degenerating er 3 rthrocytes was also taken up in a similar 
manner and stored in the form of ferritin. For this experiment, donor 
dogs were bled severely and then fed radio iron. Following this, the 
newly formed cells contained radio iron. These new cells were in- 
jected into another dog, which was then treated with phenyl hydrazine, 
to cause a rapid breakdown of its ersrfchrocytes. After six days, it was 
found that the liver contained 55 per cent of the radio iron. The fer- 
ritin recovered from this liver also contained radio iron. Thus, inor- 
ganic iron and hemoglobin iron could be shown to be stored in the form 
of ferritin. The iron in the ferritin thus isolated was also identified by 
magnetic measurements, and found to have the characteristic magnetic 
susceptibility identifiable with ferritin-iron. 

Since the level of iron in the blood streanl is relatively constant, a 
mechanism must be present for maintaining this level. We are com- 
pletely ignorant of this mechanism. It is known, however, that the 
requirement for iron in bone marrow, after hemorrhage for example, 
is met by draining the liver and spleen of iron stored in the form of 
ferritin. Not only does ferritin iron decrease in the liver, but the pro- 
tein, apoferritin, is also removed, possibly to supply part of the amino 
acids to form new hemoglobin. 

Summary of Iron Pathwa 3 rs 

It may be well to summarize, at this point, our present knowledge of 
the pathways of iron in the body (fiquke 2). The ferric iron is con- 
verted to ferrous iron by reducing substances in the food at the acid 
pH of the stomach. The absorption of iron appears to take place all 
along the gastromtestinal tract, though mostly in the region of the 
duodenum, and is regulated by the mucosal cells. Ferrous iron enter- 
ing the mucosal cells brings about a rapid accumulation of the specific 
protein, apoferritin, to which the iron attaches itself in the form of mi- 
celles of ferric hydroxide, the resulting compound being called ‘ ‘ferritm.” 
In the mucosal cells, the ferric iron of ferritin is m equilibrium with the 
ferrous iron. It is assumed that, when the cell is saturated with re- 
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spect to ferrous iron, no further iron mil be absorbed from the gastro- 
intestinal tract. The accumulation of ferritin is rapidly established 
within several hour's, but disappears slorvlj' mthin several days. The 
storage of iron in the form of ferritin helps to maintain the ferrous iron 
in this state of physiological saturation for a period of several days, 
thus preventing the absorption of excessive amounts of iron. As fer- 
rous iron moves out into the blood stream, it is rapidly autoxidized to 
ferric iron, attaching itself, possibl5% in some specific complex to a 
component of the globulin fraction of the serum. In this manner, 
it is transferred to the liver, spleen, and marrow, where it may be 
stored as ferritin or directly utilized by the marrow in the synthesis of 
heme. The iron resulting from degenerating erythrocytes is carefully 
conserved and either utilized directly for heme synthesis or stored as 
ferritin. 

That summarizes our knowledge of iron metabolism. We are still 
ignorant of why' iron moves only one way, from the gut into the mucosal 
cells; why the iron brings about the accumulation of apoferritin; what 
enzymes are connected with the dissolution of the iron from the ferri- 
tin; what the “physiological saturation” level of ferrous iron is in the 
mucosal cells; how this level is affected in cases of chronic anemia; how 
iron moves into and out of cells; what enzyme systems are connected 
with the incorporation of iron into the protoporphyrin ring; and what 
interplay of many factors comes into the picture of a relatively level 
iron content of the plasma.^ 

PORPHYRIN METABOLISM 
The Mechanism of Heme Synthesis 

In the marrow, the formation of the fii'st traces of hemoglobin is 
noted in the polychromatophile erythroblasts. At this stage, the cyto- 
plasm is still predominantly basophilic, due, it is suggested, to its high 
content of ribosenucleic acid, the acidophilic stain indicating globin 
formation. By the time the normoblast has matui’ed, the cell is 
saturated with hemoglobin, the last vestiges of ribosenucleic acid being 
visible as ihe reticulum in the reticulocytes.®® According to the in- 
teresting investigations of Plum,®® there appears to be a thermolabUe 
"umipe” substance, especially high in concentration in the mucosa of 
the fundus stomach, which, ■when carried to the reticuloendothelial 
system, is activated there by tyrosine, resulting in the formation of a 
fully ripe maturing substance present in the blood plasma. This 
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maturing substance, acting on the reticulocjrtes, is claimed to cause 
the disappearance of the reticulum. 

A beginning has been made in the understanding of the mechanism 
of heme synthesis, by the fundamental discovery of Shemin and 
Rittenberg,^ who found that glycine labeled with heavy N is the 
nitrogenous precuraor of the pyrrole ring. Acetic acid or a closely 
related compound also appears to participate in this synthesis.*® 
Chemical support for pyrrole formation from glycine is suggested by a 
new reaction described by Fischer and Fink.*® Under the mild condi- 
tions of pH 8 and room temperature, the condensation of formylacetone 
with glycine occurred in a short time, and a positive Ehrlich color re- 
action was obtained for pyrroles. No knowledge is available concern- 
ing the normal intermediate dipyrroles which may be precursors for the 
tetrapyrrole, protoporphsrrin IX. In considering the possible inter- 
mediate steps in the synthesis of protoporphyrin, it may, however, be 
well to bear in mind the uroporphyrins and coproporphyrins of T^pes 
I and III. These compounds, as Dobriner^ suggests, may furnish 
some important clues to the main pathways of porphyrin synthesis. 
At the same time, the findings of Waldenstrom,* of reactive dipyrryl 
methenes appearing in certain cases of acute porphyria, are also inter- 
esting in connection with the study of the possible normal intermedi- 
ates of the porphyrins. 

That the protoporphyrin ring is first synthesized and the iron then 
inserted, rather than the pyrroles being formed about the iron atom, is 
suggested by the work of LwofP* on Haemophilus influemae, Granick 
and GUder,*® working with several smooth strains of the same organism, 
found that the presence of the vinyl groups appeara necessary for the 
insertion of iron into the ring. Further support for this idea, that 
protoporphyrin is a direct precursor of heme, is the fact that protopor- 
phyrin has been detected in red blood cells in small amounts, 9-197/ 
100 cc. blood,** while some red blood cells, especially normoblasts®* and 
reticulocytes, have been obseiwed to fluoresce due to their pi-otopor- 
phyrin content.®^- * 


Site of Destruction of Heme 

The destruction of the erythrocytes, or fragments of erythrocytes, or 
of the hemoglobin molecules themselves appears to be completed in the 
phagocjrtic cells of the reticuloendothelial system. This process has 
been adequately described in the reviews of Rous® and of Rich.* 
Phagocytosis results in the digestion of the globin, the release of iron 
from the heme, and the conversion of the ring porphyrin to the open 
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chain tetrapyrrole bilirubin. All the evidence points to this process as 
the normal one. 

There appears to be some evidence that, under normal conditions, 
the preliminary stages of heme breakdown may possibly occur without 
the intervention of the reticuloendothelial system. For example, 
Lemberg and Kiese, independently, have reported bile pigment pre- 
cursors in circulating erythrocytes. Czike®* has observed an increase 
in bilirubin on incubating, in plasma, erythrocytes separated from 
white blood cells. 

The histological appearance of horse spleen, where a rapid, perhaps 
excessive, destruction of erythrocytes occurs, is suggestive of the pos- 
sibility that heme decomposition may occur directly in erythrocytes 
under the influence of the reticuloendothelial system.®* Here, an inter- 
mediate stage of this destruction may be observed. Examination of 
freshly teased horse spleen reveals the following picture: Many of the 
erythrocytes in the fresh spleen are sphered, and some are swollen, a 
result wWch Ham and Castle” regard as due to storage of these cells in 
the sinusoids of the spleen. By staining fresh tissue with 0.9% saline 
containing H 2 S, in order to determine the distribution of inorganic iron, 
one can see spherical cells containing hemoglobin turn pale grey, in- 
dicating the presence of diffuse inorganic iron in these cells, presumably 
arising from the splitting of the heme molecule. This suggests that 
hemoglobin destruction may be taking place within these erythrocytes, 
perhaps induced by oxidative substances diffusing out from the splenic 
cells of the sinusoids. Consequent on the rapid destruction of the 
erythrocytes, the macrophages are seen to contain large irregular 
hemosiderin granules. On some crenated erythrocytes, several dis- 
crete black granules, representing iron of denatured hemoglobin, are 
visible. The rather high methemoglobin values found in circulating 
horse erythrocytes*® might possibly also indicate an oxidative effect of 
the spleen on these cells. Here, then, is an example of a preliminary 
stage of hemoglobin breakdown, if the interpretation is correct, in 
which iron is seen to be released in the red blood cells even before they 
are phagocytized. 

Under abnormal conditions, such as phenyl hydrazine poisoning, 
Legge and Lemberg® have found that the heme in the erythrocytes can 
be converted to bile pigments without the intervention of the reticulo- 
endothelial cells. It is not known, however, whether the bile pigments 
produced by such treatment are a mixture of isomers or correspond to 
bilirubin IXa. 

It is probable that all cells of the body have the ability to tear down 
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their respiratory heme catalysts, and it is conceivable that the break- 
down process of the heme may not be the same in aU the cells. If one 
assumes that bilirubin from natural sources such as gallstones and 
blood extravasates is a single isomer, then bile pigment formation by 
the reticuloendothelial cells must be sterically or enzymatically con- 
trolled. Whether other body cells might contain these same steric 
factors or enzymes, is not known. 

Intermediates of Heme Degradation 

The coupled oxidation of erythrocyte hemoglobin with such com- 
pounds as ascorbic acid, HjS, HCN, or phenyl hydrazine in the pres- 
ence of oxygen, leads to a mixture of green pigments together with 
denatured globin, the “verdoglobins” which absorb in the neighbor- 
hood of 600-670 mju and are differentiated by their absorption spectra. 

When hemoglobin is treated, for example, with ascorbic acid, a solu- 
ble derivative with a band at 628-630 mix arises, which Lemberg et dL.^ 
designated as “choleglobin.” Later, an insoluble protein compoimd 
arises, “denatured choleglobin,” which, in alkali plus hydrosulfite, has 
a band at 618-622 m/t. A further oxidation product results in a band 
at 670 m/t. Already at the choleglobin stage, the Soret band in the 
ultraviolet appears to be lacking,’'^ indicating that the resonance 
around the ring has vanished, and bile pigment can be obtained from 
it by treatment with 66 per cent acetic. 

A natural precixrsor of the bile pigments appears to exist in beef or 
horse catalase,*® in which some of the 4 Fe protoporphyrin groups per 
molecule may be replaced by groups still containing the iron atoms, but 
from which bile pigment and the release of iron may be obtained on acid 
treatment. The activity of the catalase is proportional to the number 
of intact Fe protoporphyrin groups. These precursor groups of bile 
pigment, unlike Fe protoporphyrin, give a hemochromogen in alkaline 
solution with hydrosulfite that has a band at 650 m/t. There is a re- 
semblance here to the pigment choleglobin, since the alkaline hemo- 
chromogen with hydrosulfite and CO gives a band at 630 m/t which, on 
removal of CO, shifts to 618 m/t. However, in the catalase, not only is 
there a band at 630 m/t, but there appears to be another beyond 700 m/t 
which is absent in choleglobin. 

The bile pigment precursors under normal conditions probably make 
up less than 0.5 per cent of the circulating hemoglobin. The amount 
of “verdoglobin” in erythrocytes which gives rise to bile pigment on 
treatment with acetic acid has been estimated by Legge and Lemberg** 
to be below one per cent of the hemoglobin. * This is in agreement with 
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the work of Kiese,*® who estimates it to be between 0.3 and 0.5 per cent. 
This low value is also in accord Tvith the work of Ramsay,®* who found 
that over 99.5 per cent of the hemoglobin in the human is functional 
for Os transport. The claim of Barkan and Schales,®^ that some 6 per 
cent of the erythrocyte hemoglobin was in a stage where the pigment 
could readily liberate iron, has been shown by Lemberg to be due to an 
autoxidation of the hemoglobin at the time it was denatured by acid. 

Chemical Studies of the Formation of Bile Hgments 

The sequence of events leading from hemoglobin to the bile and 
excretory pigments has been clarified in recent years, mainly due to 
the chemical studies of Libowitzky, Fischer, Siedel,® Lemberg, and 
Watson.®' • 

When a comparison is made between the structure of the ring proto- 
porphyrin IX naturally occurring in hemoglobin, and the open chain 
bile pigment bihverdin (figure 3) which results from its breakdown, it 
is evident that the fission of the ring must have occurred at the a 
methene link. Here, the methene C atom has been split out, and two 
OH groups are formed on the adj oining pyrrole rings I and II. A study 
of a symmetrically constituted Fe porphyrin, the Fe coproporphyrin I 
tetramethyl ester, permits a better chance to isolate oxidation pro- 
ducts, since, in this molecule, aU the methene C atoms are identical. 
Libowitzky and Fischer,®® using this model, were able to isolate several 
crystalline oxidation products. 

H 2 O 2 , under special circumstances, appears to bring about the oxi- 
dation quite readily. The first step in the oxidation seems to require 
all the six coordination places of the iron to be firmly occupied, and the 
iron to be in the ferrous state. This set of conditions is present, for 
example, in denatured globin ferrous heme (globan Fe++ protopor- 
phyrin) or in pyridine ferrous heme (dipyridine Fe''^" protoporphyrin). 
If H 2 O 2 is added to these compounds in very small quantities, or H 2 O 2 
is generated from the autoxidation of ascorbic acid or hydrazine hy- 
drate, etc., the oxidation of a methine link takes place. 

According to Lemberg et al.,^ the treatment of Fe protoporphyrin 
with pyridine and ascorbic acid results in a green solution with absorp- 
tion bands at 655, 531, and 500 mju. This is probably a mixture of 
related compounds. No Soret band is present, but only a low absorp- 
tion between 4,000-3,000 A.*® On addition of acid, biliverdin and 
biliviolin can be isolated; the biliverdin IX dimethyl ester of correct 
m.p. was isolated by Lemlserg® in about 2 per cent 3 rield. It is sug- 
gested by Lemberg that the green solution still contains Fe, but the 
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Te protoponphypin IX to hilc pigment® 



“ |+4Ha " 



ring is believed to be opened and to have lost a methene C atom 
(figtjbb 3). By addition of ammonia, this Fe compound is readily 
converted to a ciystalline Fe azaporph 3 nin in a 20 per cent yield,** pos- 
sibly lending support to the open ring structure for the green pigment. 

In the case of Fe coproporphyria, Libowitzky and Fischer found that 
HjO* oxidation in pyridine gave rise to a green compound with a band 
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at 655 m/t, the iron being converted to the ferric state, and the — CH 
methine Hnh being oxidized to a C— OH (figubb 4). On further 
shaking with air in the presence of pyridine, the methine link was 
further oxidized to the C=0 compound, also green with similar ab- 
sorption bands. This a keto derivative was called a “verdo” heme, to 
dis tinguish it from the a hydroxy derivative. It was possible to prove 
that the ring was intact at this stage by reducing, with PdHj -1- formic 
acid, the Fe coproporphyrin I verdo ester to coproporphyrin I tetra- 
methyl ester.^® On adding a trace of alkali to the Fe"*^ copro a keto 
compoimd, a brown-yellow pigment arose which still did not give a 
positive Gmelin test. Then, making this brown compound weakly 


copTopoppiiypin I teti^amethyl e»tep 




1 Pyridine 

Green CVepdohemin) cc keto ferric derivative 
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Cbprohilirutin ester X«c 



Figubb 4. The conversion of copioporphyrin to coprobilirubm. 
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acid resulted in the formation of the blue-green open chain, copro- 
glaukobilin I a ester, and the splitting-out of the iron. Although a C 
atom should have come off at this stage, it was not identifiable. To 
complete the chemical picture, the coproglaukobilin ester, which would 
correspond in oxidation level to biliverdin, was reduced by Zn dust and 
acetic acid to the corresponding bilirubin, i. e., coprobilirubin ester I a. 

The Autocatalytic Conversion of Heme to Bile Pigment 

The following hypothesis, in part modified from Lemberg, is sug- 
gested to explain the degradation of hemoglobin to the bile pigment in 
the body. This degradation appears to be a peroxidative process, the 
heme bringing about its avm destruction once the specific linkage of the 
heme to the globin is destroyed. 

It will be recalled that the globin possesses a grouping to which is 
attached one of the covalent linkages of the ferrous iron of heme. This 
linkage seems to protect the iron from being autoxidized to the ferric 
state by Os, yet permits it to hold an Os molecule loosely. 


denaturation 
1. Fe''^ hemoglobin 


2. xHaOs + Fe’’"*' hemoglobin 


+Os 



Seducing mechanism 
of cell 

globan + bile pigment + Fe'^'*’ 


ViGciE S. Sdf-destEUction of heme. 


The group on the protein to which the iron is normally attached may 
be destroyed without a perceptible change in the remainder of the pro- 
tein, and the heme may still be attached to the globin by its two pro- 
pionic acid groups. An analogous condition is evident in catalase, for 
example, where one or more of the four hemes may have been converted 
to a bile pigment precursor, and yet where the protein otherwise ap- 
pears to be intact. On the other hand, the globin may be denatured, 
in which case the heme becomes held sufficiently tightly by two nitro- 
gen containing groups of the globin coordinating the iron to form a 
hemochromogen (Fe++ heme globan). This ferrous compound has a 
great tendency to be autoxidized. Os oxidizing the molecule to the 
ferric state and HsOs being produced in the process (itgtjbe 5). The 
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ferric compound maj' no-n- be reduced by the reducing mechanisms of 
the ersdhi-ocj'tes which utiUze glucose, and the hemochi'omogen is 
again autoxidized, HsOa again being formed. The cycle of oxidation 
and reduction with the formation of H2O2 repeats itself. The H2O2 
formed is noimally destroyed by the catalase of the cell, but if the 
catalase is also denatured, or is spatially unavailable, or is inhibited by 
an organic peroxide, the HaO* will tend to oxidize the porphyrin ring 
through successive stages leading to bilivei'din. The H2O2 also tends 
to denature the globin, so that, when sufficient hemoglobin is dena- 
tured, the breakdown should occur spontaneously. The heme mole- 
cule, once its iron link is tom off from its normal linkage to the globin, 
has thus the property of seK-destmction. The work of Keilin and 
Hartree^* has revealed a curious reaction which may have significance 
in this connection. When erythrocytes are mixed with a system such 
as the enzyme glucose oxidase and glucose, H2O2 is liberated; this 
H2O2 is found to diffuse into the erythrocyte and oxidize the hemo- 
globin, in spite of the presence of catalase in the cell. If such a peroxi- 
dative process were to occur in the spleen, where some of the red blood 
cells w’ere stagnant in the spleenic sinusoids, and the spleen cells were 
producing the H2O2, it might account for the preliminary stages of 
hemoglobin destruction observed, for example, in the red cells of the 
horse’s spleen. 


The Bile P^^nent Reduction Products 

BUiverdin produced by the peroxidative breakdown of heme is re- 
duced to bilirubin, which seeps into the blood stream, attaches itself to 
the serum albumin molecules, probably by means of its ionized pro- 
pionic acid groups, and is transported in this manner to the liver*’’ and 
then out into the duodenum. * The reduction of biliverdin to bilirubin 
has been sho^vn to occur in liver mash nithin the narrow pH range of 
7.4r-7.6.*® Indeed, the reduction by liver mash, especially in the 
presence of cysteine, K2HPO4, and glucose could be carried so far that 
even the pyrrole reaction was no longer positive.** 

Under normal conditions, the reduction of bilirubin to urobilinogen 


• Acoordins to FOlcmovskl al. (Bull. Soc. Chlm. Blot 94: 221. 1942.), bilirubin, 
When mixed with serum albumin, gives the direct Van den Bersh diazotization 
reaction with sulfanillc acid.- When bilirubin is mixed with grloDin, the indirect 
or delayed reaction occurs. In normal human serum, Watson® gives values of 
the promptly reacting bilirubin as below 0.3 mg. per cent, and of the indirectlj- 
reacting bilirubin as 0.25-1.0 mg. per cent. The work of Polonovski et at. would 
then suggest that bilirubin was transported mainly on globin. This is in con- 
tradiction to the studies of Pedersen and Waldenstrom. These investigators 
used cataphoresis to distinguish between albumin and globin, because of dlfCer- 
encea in the Isoelectric point of these two proteins. They concluded that biliru- 
bin was transported by serum albumin and not by globin. 
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does not occur in the liver, as has been show-n by the careful work of 
McMaster and Elman®® with bile fistula dogs, but in the intestinal 
tract, mainly in the colon. This reduction occurs so rapidly that only 
the reabsorption of urobilinogen is observed in the portal vein.®^ 
Bacterium coli under certain conditions is capable of reducing biliru- 
bin to stercobilinogen, no urobilinogen being detected. However, the 
feeding of urobilinogen or'incubation of this compound with feces can 
be shown to give rise to stercobilinogen.® In spite of their reductive 
capacity, the B. coli were not able to convert biliverdin to bilirubin, 
because they could not reduce the central methine link.^* By present- 
day methods, only about half of the bilirubin excreted into the intestine 
can be accounted for in recoveries of the colorless products, urobilino- 
gen and stercobilinogen. In the presence of air, these latter com- 
pounds are mainly autoxidized to brownish red products, urobilin and 
stercobilin.® If bilirubin escapes reduction in the intestinal tract, it 
would be oxidized to biliverdin in contact with air, and the feces would 
have a green tinge (Figure 6). 

In cases of rapid erythrocyte destruction, an increased excretion of 
urobilinogen and stercobilinogen would result, a certain amount of 
these pigments being reabsorbed and excreted in the bUe. Only traces 
of these compounds ai’e normally ever excreted by the kidney. How- 
ever, in liver damage, they are not re-excreted into the bile, but rather 
escape into the general circulation and are excreted by the kidneys.® 

Quantitative Conversion of Heme to Bile Pigment 

The problem of whether heme is quantitatively converted to bile 
pigment seems to have been answered in the aflSrmative through 
several converging lines of evidence. 

One type of experiment is the intravenous injection of hemoglobin 
solution into dogs with bile fistulas, which appears to lead to the re- 
covery of 90-100 per cent of heme in terms of bile pigment. The con- 
veraion of hemoglobin solutions to bile pigment was almost complete 
in five days.®® Even in anemic dogs, the hemoglobin solutions injected 
were rapidly broken down, the heme being almost quantitatively ex- 
creted as bile pigment, while the globin was used for the synthesis of 
new erythrocytes. 

An estimation of the quantitative conversion of heme to bile pigment 
can also be made from data on the length of life of an erythrocyte and 
the total bile pigment excreted. However, for this calculation the 
lifetime of an erythrocyte must be determined. In an ingenious ex- 
periment, Hawkins and Whipple,®® using bile fistula dogs, first induced 
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the rapid formation of new erythrocytes and then followed the level of 
bile pigment excretion. This was uniform until about 100 days had 
elapsed, at which time the bile pigment excretion values rose pre- 
cipitately for about 2 to 3 weeks, attaining a maximum at about 120 
days and then falling off. This figure of 120 days is not far from that 
calculated by Watson®: i.e., 140 to 160 days for the life of a human 
erythrocyte based on an average excretion of 300 mg. of bilirubin per 
^day, Shemin and Rittenberg,^ by follo\\dng the heavy glycine N in- 
corporated into heme and noting its rate of decrease, have estimated, 
for one experiment, the average lifetime of the human erythrocyte to 
be about 125 days, confirming the other values. Since the lifetime as 
calculated from bile pigment excretion studies agrees reasonably well 
\rith the lifetime as determined by other methods, it may be assumed, 
with a reasonable degree of certainty, that heme is quantitatively con- 
verted to bilirubin in the body under normal ph^’^siological conditions. 

It is probable that several factors balance each other in the deter- 
mination of the quantitative conversion of erythrocyte heme to bile 
pigment. Bile pigment is not only derived from the heme of the 
erythrocytes, but also from the heme of muscle hemoglobin, which may 
be equivalent to about 10 per cent of the total circulating hemo- 
globin. This factor would tend to increase the bile pigment values 
possibly by as much as 10 per cent®^ above those expected from red cell 
breakdown alone. At the same time, it is probable that some of the 
heme is broken down to further oxidative products such as the dipyr- 
roles, propentdyopent,®® the mesobilifuscins,^® and possibly the uro- 
chromes. All of these recognized and some still unknown smaller 
fragments are not determined by the usual bile pigment methods, and 
would tend to decrease the expected bile pigment values, possibly by 
5*-10 per cent. No better estimation is at present possible, until more 
precise quantitative methods for bilirubin and other bile pigments 
become available.®^ 

Although these data indicate that bile pigment can be accounted for 
reasonably well as derived from the breaking down of hemoglobin, it 
has still to be considered ^vhether the degradation of the heme leads 
quantitatively to the bilirubin IX a isomer. The color reactions do 
not distinguish between the four possible isomei-s. Chemically, there 
is no reason yet known that would suggest why the methine bridge at 
the a position is more unstable than the other positions. There may, 
however, be a steric or an enzymic reason which has not yet been 
elucidated. It is true that isolations of natural products, primarily 
from beef gallstones, have led to crystalline derivatives of the type 
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bilirubin IXa, but the yields in terms of total bile pigment have not 
been reported, and proof was not presented that other isomers did not 
also occur. Recently, Watson and Schwartz have clearly demon- 
strated®® that human fistula bile contains bile pigment related primarily 
to the a isomers, indicating that it is the a methine C atom which is 
split out of the porphyrin ring. It would be of interest to know 
whether other isomers were completely absent, and whether the same 
methine bridge is broken preferentially in cases such as phenyl hy- 
drazine poisoning. 

Summary of the Chemistry of Normal Heme Decomposition 

The Fe protoporphyrin IX of hemoglobin may appear to undergo 
preliminary oxidative changes in the erythrocytes, even before the 
hemoglobin escaping from the red cells themselves is engulfed hy 
cells of the reticuloendothelial system. Since only the oj-methine link 
of the porphyrin ring is attacked, one must assume either steric factors 
or enzyme mechanisms to be already present in the erythrocytes which 
can bring about this o£-methene oxidation. 

The first oxidative product (pigube 3) is a green a hydroxy com- 
pound and the next one is a gi’een a keto product. A further oxidation 
product, for which evidence is indirect and unsatisfactory, is one in 
which the a C atom has been lost, the ring opened up, but in which the 
iron is stUl present. The next step appears to be a rearrangement in 
which the iron is lost, and the open chain, blue-green tetrapyrrole 
compound is formed. This compound is the bili-triene, having three 
double bonds in its chain, and is designated as biliverdin IX a. The 
“a’’ here denotes that the splitting of the ring has occurred at the a 
position. Biliverdin is reduced to the orange-yellow, bili-diene, biliru- 
bin, by addition of 2 H atoms to the double bond attached to the 
central C y methene atom. The bilirubin is excreted through the gall 
bladder into the duodenum, where it is further reduced by the bacterial 
fiora. One product, in which 4 H atoms are attached to bilirubin at 
the 2 double bonds of the chain, results in the colorless saturated- 
chain, bilane compound, urobilinogen IX a. This compound in con- 
tact with air is oxidized at the central or 7 C atom to the bili-ene, 
urobilin IX a of orange-red color. Another colorless reduction product 
is stercobilinogen IX a. Here, not only the double bonds along the 
chain have been reduced, but the rings I and II at the ends of the 
chains have been partially reduced, resulting in the formation of an 
optically active compound. In contact with air, this leuco compound 
is oxidized at the 7 methylene C atom to the bili-ene, stercobilin, also 
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of orange-yellow color. The urobilin and stercobilin are the main 
colored products observed, but small amounts of further oxidation 
products, such as the red bili-dienes, are also formed. 

In conclusion, one may note that, although the mapping-out of the 
breakdown products of heme to bile pigments has met with marked 
success, much remains to be learned, especially about the building-up 
mechanisms for heme synthesis. For example, how are the pyrroles 
formed from glycine and acetic acid? Are two dipyrrol methenes first 
formed and then combined, or are the single pyrroles hooked up one 
after another to form a ring by some kind of condensation, possibly an 
aldol condensation? What array of enzymes takes part in such 
schemes? How does space isomerism come into play in the synthesis 
of the porphyrins and in the behavior of the bile pigments? Many 
other questions come to mind. We have undoubtedly made only a 
beginning in these studies. 
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ETIOLOGIC CONSIDERATIONS IN 
MACROCYTIC ANEMIAS 


By William B. Castle 
Harvard Medical School^ Boston, Massachttsetts 

Macrocytosis is not only characteristic of anemias of nutritional 
deficiency, but is also associated with hemolytic crises and anemias due 
to toxic factors. In general, macrocytosis occurs in anemia when 
hemoglobin production is normal or accelerated relative to red cell 
production. In the case of nutritional anemias with relatively little 
increase in cell volume, the term, macrocytic, when applied as a contrast 
to the term, hypochromic, has obvious shortcomings. 

Human nutritional macrocytic anemias may be due to direct or con- 
ditioned nutritional deficiency, and may be conveniently classified 
according to their response either to refined or to crude liver extract or, 
in the opinion of some observers, to vitamin C. There is a small group 
of cases with slightly macrocytic anemia, with diets especially deficient 
in animal protein, which exhibit free hydrochloric acid in the gastric 
contents and which do not respond to usual doses of parenterally ad- 
ministered refined liver extract. This type of anemia, which has been 
observed in India, Scotland, Scandinavia and the United States, is 
often associated with pregnancy, and responds dramatically to crude 
liver extract orally administered. Thus, crude liver extract apparent- 
ly contains both the principle effective in Addisonian pernicious anemia 
and another substance, for which the term “Wills’ factor” is proposed. 

The mechanisms conditioning a deficiency of the principle effective 
in Addisonian pernicious anemia include deficiency of food (extrinsic) 
factor, the gastric (intrinsic) factor, increased degree of intestinal 
impermeability, and the inhibitory effect, observed by von Bonsdorff, 
of extracts of Diphyllobothrium latum segments on proteolysis at neutral 
reaction in normal human gastric juice. Agren and Waldenstroem 
have recently reported on the action of an amino polypeptidase, derived 
from hog gastric mucosa, in potentiating the hematopoietic activity of 
orally administered liver in pernicious anemia. From this, it is in- 
ferred that the amino polypeptidase presumably acts as the gastric 
(intrinsic) factor. The nature of the food (extrinsic) factor remains 
uncertain. The available evidence does not entirely favor either of 
the alternative theories (maturation arrest or hemolysis) as the im- 
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mediate for producing the anemias in Addisonian pemicious 

anemia. 

The unexpected and paradoxical findings of Spies, Moore, Darby 
and others, that synthetic L. casei factor (“folic acid”), although present 
in negligible amounts in liver extract, is highly active in pemicious 
ftTifttnifl. and sprue, can, at the moment, be profitably discussed only 
from the standpoint of the experimental background and clinical re- 
ports in the literature. It is interesting that purified fractions of liver 
extract have been prepared which possess a distinctly greater activity 
in pernicious anemia than does folic acid on a comparative dry weight 



HEMOLYTIC MECHANISMS 


By William Dameshbk 

Blood Laboraiory of the New England Medical Center, The J. H. Pratt Diagnostic 
Hospital, and Tufts CcUege Medical School, Boston, Massachusetts 

PHYSIOLOGIC PRINCIPLES 

The exact mechanisms involved in normal red blood cell destruction 
are quite obscure. It is known that the mature, non-nucleated eryth- 
rocyte has a life span of approximately 110-120 days, after it issues 
from the bone marrow into the circulation.^ In this period of time, 
the cell passes through many miles of capillaries and is subjected to 
much squeezing and bumping, participates in many thousands of 
chemical exchanges in both the lungs and the tissue, and may remain 
stagnant for hours at a time in the spleen and in other sinusoidal or- 
gans. Despite the cell’s plasticity and its almost complete lack of 
metabolism (it is without a nucleus), it inevitably “wears out.” Does 
it then simply become lysed by such normally present metabolites as 
“lysolecithin” or lecithin? Does it become fragmented, or does it be- 
come swollen and disintegrate in the so-called “graveyard of the red 
cell,” the spleen? Answers to these questions are as yet not fully 
available. Peculiarly enough, more is known of abnormal blood 
destruction than of normal. 

The course of the pigment hemoglobin is fairly well worked out, but 
the fate of the cell itself and of its many other constituents is rather 
obscure. The normal red cell, a biconcave disc Avith an average vol- 
ume of 85-95 cu. micra and an average diameter of 7.5 micra, has an 
average thickness of 2.0 micra. This cell, when placed in normal or 
isotonic salt solution (0.9% NaCl), remains essentially unmodified. 
However, when placed in solutions of progressive hypotonicity (0.8 per 
cent, 0.7 per cent, 0.65 per cent, etc.), the cell takes in more and more 
fluid. In a solution of 0.6 per cent NaCl, the red ceU is thicker (with 
fluid) than in a solution of 0.8 per cent NaCl. Even though thicker, 
however, its total area remains essentially imchanged. In other 
words, as the cell becomes thicker it becomes rounder, more spherical, 
and smaller in diameter. In 0.5 per cent NaCl solution, the red cell 
is almost completely spherical and its diameter may now be only 4-5 
micra, and its thickness almost the same amount. 

In solutions of NaCl under 0.5 per cent, the red cell finally bursts 
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686 


ANNALS NEW YORK ACADEMY OF SCIENCES 


(hemolyzes). The differences in initial hemolysis indicate a difference 
in thickness among the red ceU population. The more resistant, i. e., 
the thinner red cells are probably, for the most part, reticulocytes — ^the 
younger ones ■which ha've only recently been deli'vered from the marrow. 
The thicker ones are probably the older cells which have been buffeted 
about in the circulation, and have remained stagnant in various sinus- 
oidal areas. The thinnest cells do not become completely hemolyzed 
until concentrations of approximately 0.25 per cent NaCl are reached. 
Thus, some normal red cells are hemolyzed at approximately 0.5 per 
cent NaCl solution, and all are hemolyzed at approximately 0.25 per 
cent NaCl. The red cell, as Guest® has pointed out, may be considered 
a perfect “osmometer,” responding quickly to changes in hypotonicity, 
and thus showing quick changes in thickness. These changes of the 
red cell with respect to hypotonicity are made use of in the fragility 
test. But they may have some physiologic importance, as well. That 
is, the more effete red cells may be smaller and thicker than the rela- 
tively immature cells just released from the bone marrow. Although 
the question of hypotonicity does not enter into the ultimate hemo- 
lysis of the thickest red cells •within the circulation, it is highly proba- 
ble that these cells are more vulnerable to breakdown (say within the 
spleen) than their thinner fellows. The spleen may well be the grave- 
yard of the thickest red cells. 

PATHOLOGIC PHYSIOLOGY OF INCREASED 
RED CELL DESTRUCTION 

The sequence of events which take place during a bout of sudden 
blood destruction is best studied in the experimental animal. Guinea- 
pigs, when injected ■with an anti-red cell hemolytic serum (see below), 
develop either fulminating, acute, or subacute hemolytic processes, 
depending upon the amount of hemolytic serum injected.® In the 
fulminating type, we find hemoglobinuria, very rapidly developing 
anemia, and extreme spherocytosis of the red cells. Evidences of 
regenerative actmty on the part of the marrow are lacking. The 
hemoglobinuria and the violent reduction in red cell count (from about 
5.0 to 1.0 hi. per cu. mm. or thereabouts in 24-36 hours) are indications 
of blood destruction occurring so rapidly that liberated hemoglobin 
cannot be modified to bilirubin, but is excreted from the blood plasma 
into the urine. 

Hemoglobin in the plasma is a threshold substance, and is normally 
present in a concentration of approximately 5 mgs. per 100 cc. When 
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the threshold of approximately 150 mgs. is exceeded, hemoglobin is 
excreted in the urine. Hemoglobinuria, thus, indicates rapid and 
violent blood destruction which occurs usually within the circulation, 
i.e., intravascularly. Hemoglobinuria is always accompanied by 
hemoglobinemia, but very definite hemoglobinemia (up to 150 mgs. 
per 100 cc.) may be present without hemoglobinuria. 

In fulminating hemolysis, the red cells in the circulation may, 
within a day or less, become decreased by 60 per cent or more. This 
may lead to a hemolytic “shock,” due to the sudden loss of an osmoti- 
caUy important substance from the circulation. When one considers 
the great loss in total red cell volume, from approximately 2250 cc. in 
a normal human adult to, say, 450 cc., it is readily seen that the entire 
body must adjust itself quickly, or death will supervene. The great 
strain on the circulation, more particularly on the heart, and on the 
tissue cells in a variety of organs, can only be speculated upon. 

The red cells which remain within the circulation after an “attack” 
by a hemolytic agent are, presumably, those which were originally the 
most resistant. Inspection of a blood smear, at this point, reveals that 
even these cells are now almost exclusively small, usually round, dense, 
brown-staining, and devoid of a central clear zone: i. e., spherocytes. 
These are usually “fragile” in hypotonic solutions of sodium chloride. 
Extreme spherocytosis is the rule in violent hemolysis, whether in the 
experimental animal or clinically in the hemolytic crisis. The simul- 
taneous occurrence of spherocytosis with anemia, and the coincidence 
of extreme degrees of spherocytosis with severe blood destruction sug- 
gest that the spherocyte in its various gradations, from a slightly 
thickened to an almost completely spherical cell, is the forerunner of 
complete hemolysis. The spherocyte may, thus, be considered as a 
red cell which has been injured by a hemolytic agent, and as a stage 
between a normal, mature, circulating red cell and one which is com- 
pletely hemolyzed. The greater the degree of spherocytosis, the more 
fulminating is the hemolytic process. 

In less fulminating hemolytic processes, where within three to ten 
days the red cell count may drop from 5.0 to 3.0 M., hemoglobinemia 
and hemoglobinuria do not develop. The evidences of hemolytic 
shock are slight or completely lacking, and there is far less strain on 
the circulation. 

The anemia is variable and is normochromic, normocsdiic by cell 
volume, but microc 3 d;ic by cell diameter (i.e., the red cells are unusually 
thick and, although their diameters are smaller than normal, their 
normal volumes are retained). The blood smears show two outstand- 
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ing features which are of physiologic importance: (1) a great diversity 
in. red cell population, both in size and degree of maturity, and (2) 
evidence of regenerative activity on the part of red cells, white cells, 
and platelets. The sudden, but not extremely violent, hemolysis acts 
as a powerful stimulant to bone-marrow activity, which is reflected 
in the peripheral blood. Thus, together with partially hemolyzed 
cells, i. e., spherocytes, relatively huge red cells newly arrived in the 
circulation are present. These are polychromatophilic reticulocytes. 
The disproportion between the small spherocyte, which is brown and 
“orthochromatic,” and the large polychi'omatophilic red cell, which is 
bluish-gray in color, is quite striking and is readily seen by inspection 
of a well-spread, well-stained blood smear. The two cells represent 
two different physiologic processes, one destructive, the other regenera- 
tive. The diversity in size of these cells gives rise to two types of red 
cell population, with respect to diameters, and is well brought out in 
Price-Jones curves of red cell diameters, which show a “biphasic” 
character. 

Other indications of increased hemolysis are to be found in the 
breakdown products of the hemoglobin.^ The plasma bilirubin be- 
comes increased to variable levels, depending in part upon the degree 
of blood destniction and in part upon the functional capacity of the 
liver to remove excess bilimbin from the circulation. Two individuals 
with the same degree of blood destruction may show' bilirubin levels, 
respectively, of 2 and 4 mgs. per 100 cc. of blood. The presumption is 
that, in the latter case, the hepatic cells remove bilirubin from the 
circulation more slowlj' than in the first. With rare exceptions, the 
bilinibinemia is always of the indirect variety, and is thus associated 
with mine which is free of bilirubin, i. e., acholuric jaundice is present. 
In some rare cases, the amount of bilirubin presented to the hepatic 
cells is so high, and the cells are simultaneously so inefficient (as in 
hemol 3 rtic anemia of the newborn), that there may be a mixed type of 
bilirubinemia, with bile appearing in the urine. The total amoimt of 
bilirubin in plasma rarely exceeds 10 mp. per 100 cc. and is, usually, 
between 2 and 5 mp. The biliary canaliculi are congested with 
bilirubin, and the gall bladder is called upon to store unusually large 
quantities of bile laden with high concentrations of that pigment. As 
a result, bilirubin may precipitate out and form stones with or without 
a calcium' matrix. 

The intestinal tract receives unusually large quantities of the pig- 
ment.® In violent hemolysis, actual discharge of bile may occur. In 
less severe cases, however, the stools are highly colored, but otherwise 
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normal in appearance. Except in certain rare instances of completely 
intravascular hemolysis, the fecal urobilinogen is by far the surest in- 
dex of increased blood destruction. It is conceivable that, in a given 
case, the liver may be functionally so adequate that it removes newly 
formed bilirubin almost as soon as it enters the blood stream. The 
excess bilirubin is, however, passed into the intestine, where it is con- 
verted into urobilinogen. In acute hemolytic anemia, the output of 
urobilinogen may be increased five- to twenty-fold. In estimating the 
degree of hemolysis, one should always relate it to the hemoglobin con- 
tent and, even more accurately, to the total intravascular hemoglobin. 
Thus, an output of 100 mgs. of fecal urobilinogen may be normal for an 
adult weighing 150 pounds and exhibiting 15.0 mgs. of hemoglobin per 
100 cc. For an adult of similar weight, exhibiting 5.0 gms. of hemo- 
globin per 100 cc., 150 mgs. of urobilinogen represents approximately 
thi’ee times normal blood destruction. For a child weighing only 50 
pounds, the same amount of urobilinogen at a similar hemoglobin level 
is about 9 times normal. The most accurate estimation of the degree 
of blood destruction is made by having recouise to the hemolytic index, 
which depends upon knowledge of the blood volume and red cells and 
the output of urobilinogen in the feces.®* 

With an increase in urobilinogen in the intestines, the output in the 
urine usually becomes increased as well. The degree of urobilinogen is 
also conditioned, to some extent, by the hepatic function. Thus, if the 
liver is normal, the urobilinogen may pass through quickly and re-enter 
the intestines. If, on the other hand, the liver is damaged, there is a 
delay of urobilinogen excretion by this organ and a consequent in- 
crease in the general circulation and, thus, in the kidneys and urine. 
To rely solely on the content of urinary urobilinogen as an index to the 
degree of blood destruction, may lead to error. 

PATHOGENETIC MECHANISMS OF 
INCREASED HEMOLYSIS 

The various mechanisms responsible for increased blood destruction 
have recently been given some attention. They include the activity 
of hemolysins and agglutinins, the passive action of erythrostasis, and 
the role of the spleen as well as of such physical factors as cold, heat, 
hydrogen ion concentration, etc. Attempts to incriminate a single 
mechanism as solely responsible for all hemolytic states are probably 
unwarranted. 
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HEMOLYSINS 

The older immunologists, including Bordet, Ehrlich, and others, 
utilized the activity of hemolysins and their action upon red cells in 
examining the theoretical aspects of immune processes.®- ^ The 
Wasserman reaction is a direct outgrowth of this work. They demon- 
strated that, if red cells of one species were repeatedly introduced into 
the circulation of another, the serum of the latter would eventually 
cause hemolysis of the red cells of the former. Thus, if guinea-pig red 
cells were repeatedly injected into a rabbit, the rabbit’s serum would 
eventually cause hemolysis of the guinea-pig’s red cells. Heating the 
serum to 56° C. resulted in a loss of this hemolytic ability, but when 
fresh guinea-pig serum, or “complement,” was then added, hemolysib 
took place. 

It was determined that hemolysis was a two-step affair: (1) “sensi- 
tization” by antibody or “amboceptor” and (2) actual hemolysis by 
another substance, the “complement.” These observations, although 
well-known for the most part to immunologists, were little, if at all, 
appreciated in their clinical significance. The first hemolysin which 
xsas related to clinical disease was that described by Donath and 
Landsteiner, in cases of paroxysmal cold hemoglobinuria. These in- 
vestigators demonstrated that certain, usually syphilitic, individuals 
had an autohemolysin in their sera, which reacted upon chilling and 
then re-heating. French observers like Chauffard, Troisier, Widal, 
Abram, Bi-ul6, and othei’S, demonstrated hemolysins in some ol 
their cases of hemolj-tic anemia. These they called “hemolysinic” 
anemia.® They believed that these autohemolysins, which acted 
upon the patient’s ov-n red cells, were causally related to the hemolytic 
process present. 

Chauffard® believed that a new specialty, “immuno-hematology,” 
might well be introduced. These observations, made between 1910- 
1915, were apparently disrupted by World War I, and then for the 
most part forgotten or ignored, so that, in publications during the next 
two decades or more, there was little mention of the possible role of 
hemolysins. In 1937, Schwartz and I® described three cases of acute 
hemolytic anemia, in two of which hemolysins of the immune body 
t 3 rpe were definitely present. The sera of these cases hemolyzed, not 
only the red cells of many prospective donors, but also the patient’s 
own red cells. This hemolysis could be prevented by heating the 
serum to 56° C, but it reappeared when guinea-pig serum (complement) 
was added. The improvement of these patients following splenect- 
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omy, together with the cessation of spherocytosis and of abnormal 
hjrpotonic fragility, in association with the disappearance of hemolysin, 
led us to the concept that the immune hemolysin might be responsible 
not only for the hemolytic state, but for the spherocytosis and in- 
creased hypotonic fragility as well. This was directly contrary to the 
view of numerous authorities that spheroc 3 d;osis was due to a disorder 
of bone-marrow erythrocyte production, and not to the activity of such 
extrinsic agents as hemolysins. 

An immune hemolytic serum was then produced by repeatedly in- 
jecting guinea-pig red cells into rabbits. The rabbit serum was then 
injected, in varying doses, into normal guinea pigs, and various types 
of hemolytic anemia were produced: fulminating, with extreme sphero- 
cytosis, hemoglobinuria, and death without regenerative activity on 
the part of the bone-marrow; acute, with spherocytosis and marked 
changes in fragility, but without hemoglobinuria and with evidences 
of regeneration; suhacute, with marked regeneration, many reticulo- 
cytes and polychromatophilic red cells, giving a “pseudo-macrocytic” 
t 3 T)e of blood picture, etc. These observations demonstrated (1) that 
a hemolytic serum could produce hemolytic syndromes in vivo com- 
parable to clinical hemolytic syndromes; (2) that spherocytosis was a 
precursor of hemolysis, and could be “acquired”; and (3) that sphero- 
cytosis was produced outside the bone-marrow, since the young red 
cells in the circulation were much laiger than the spherocytes. From 
these and other observations, we concluded that the hemolytic syn- 
dromes were, in all probability, more or less concerned with the activity 
of hemolysins of different types acting in different concentrations. 
Thus, a large dose of hemolysin might result in hemoglobinuria, and a 
smaller dose in subacute or chronic hemolytic anemia. 

Further observations have borne out these original conceptions, with 
the qualification that by a hemolysin is meant any substance, chemical, 
immime or other, which directly or indirectly tends to injure the red 
cell and, thus, to cause its destruction.^ However, certain modifica- 
tions and additions to the original concept must be made. 

Hemolysins may be classified as simple and complex. A simple 
hemolysin, which may be of chemical nature, i.e., saponin, lecithin, 
lysolecithin, arsine gas, some of the sulfonamides or their end products, 
benzol, etc., acts directly on the red cell, causing its immediate hemol- 
ysis without the intervention of any other substance. On the other 
hand, other hemolysins are complex, requiring the preliminary action 
of “amboceptor” before hemolysis takes place by “complement.” Of 
the complex hemolysins studied, including colloidal, silicic acid, and 



692 


ANNALS NEW YORK ACADEMY OF SCIENCES 


immune hetero-hemolysin, the latter had all the properties of the 
isohemolysin which we had previously studied, and which had earlier 
been described by Chauffard and Troisier. 

Complex hemolysin, apparently, acts first by injuring the red cell 
membrane, as evidenced either by direct observation of the cells, which 
show irregular spinous processes, or by the method of mechanical 
fragility. With the latter method, shaking of the red cells already 
acted upon by hemolysin in the absence of complement results in 
hemolysis within a certain period of time, control red cells showing no 
hemolysis. Prompt hemolysis of sensitized red cells takes place when 
complement is added, the latter agent apparently being the actual 
hemolysin. Complete hemolysis is probably antedated by the de- 
velopment of spherocytosis, although of this no complete evidence is 
available. Hemolysis in a complex system is probably facilitated by 
other factors, such as that of pH, the amount of potassium or hydrogen 
ions, the temperature and, perhaps, the “vital” activities of certain 
eells,‘notably those in the spleen. 

AGGLUTININS 

Agglutinins are much more common, clinically, than hemolysins. 
What is more, the hemol3dic activity of complex hemolysin is, in part, 
that of agglutinin (which is, probably, the same as amboceptor, or 
sensitizing agent). Agglutinins, when introduced into the circulation, 
result in hemolysis of red cells. They may be of different types, some 
acting at, or above, body temperature (warm agglutinin, e.g., the 
anti-B,h agglutinin) ; some acting well at any temperature, whether of 
room, icebox, or incubator {e.g., the iso-agglutinins, anti-A and anti-B); 
and some acting best at icebox temperature (cold agglutinin). Agglu- 
tinins may also be pure or simple in type, without any but an agglutina- 
tive action, or they may be more complex, acting as agglutinins in one 
set of circumstances, but as hemolysins under other conditions, e.g., 
when complement is added. This is the case with colloidal silicic acid 
and immune agglutinin.^ A further differentiation of agglutinins has 
recently been made, depending upon whether they act well when 
diluted with normal salt solution, or whether their activity is masked 
in such a solution, to be brought out only if whole blood, plasma, or 
albumin is used as a diluent. On the bads of these differences, an 
attempt has been made to divide agglutinins into those which are 
“bivalent” and those which are “univalent.” Agglutinins acting well 
in normal salt solution are said to be bivalent, or “complete,” anti- 
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bodies, whereas those which require the use of a serum or plasma factor 
are said to be univalent, or “incomplete,’' antibodies. The term 
“blocking antibody’’ has also been used for the incomplete anti-Rh 
agglutinin. Whether these concepts are correct, or whether the differ- 
ences in antibody activity, relative to salt solution or plasma, depend 
solely on diluent, remains a question for further study. 

CONCANAVALIN-A'f 

A protein derived from the jack-bean causes intense agglutination of 
many species of red cells in very dilute concentrations. Actual injury 
to the red cell membrane occurs, as evidenced by the behavior with 
mechanical trauma. Hemolysis in vivo is probably induced by the 
mechanical trauma of the active circulation upon the agglutinated 
corpuscles, although undoubtedly other faetoi-s, such as temperature 
change, stasis, etc., have their effects. 

Cold hemagglutinin, found in a primary atypical pneumonia and, at 
times, in high concentration in other conditions, acts much like con- 
canavaJin. It is universal in its scope (panagglutinin), acting on all 
types of red cells, human and otherwise, but is limited in its activity 
with respect to temperature. It has a “thermal amplitude” of 0® C. to 
17-20® C. In this temperature range, it causes intense a^lutination 
of red cells. Agglutination, if continued, injures the red cells, as is 
evidenced by mechanical hemolysis with trauma. The traumatizing 
effects of the circulatory pulsations upon agglutinated red cells are 
probably responsible for the in vivo hemolysis. 

The iso-agglutinins anti-A and anti-B, and the warm agglutinin 
anti-Bh, cause intravascular hemolysis when introduced into the circu- 
lation in contact with susceptible red cells containing the appropriate 
agglutinogen. Again, similar mechanisms are probably operative: in- 
jury to red cell membrane, the effects of trauma upon agglutinated red 
cells with the development of spherocytosis, complete hemolysis, mther 
intravascular or in the spleen, with or without the added effects of 
stasis. 


ERYTHROSTASIS 

The effects of simple stasis in the development of hemolysis have 
been known for years. Ham and Castle,^® chiefly on the ba^ of 
Knisely’s interesting histophysiologic studies of the spleen, concluded 
that the normal spleen has two main functions, both reproducible in 
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the test-tube, namely, erythrostasis and erythroconcentration. From 
further experimental data, they concluded that all hemolysis was a 
function of erythrostasis, either (1) of unusual degree, or (2) of normal 
degree in the presence of abnormal cells, i.e., spheroc 3 d»s. Stasis of 
unusual degree was often the end result of agglutination. Stasis of 
normal degree in conjunction with abnormal cells was present in 
various types of anemia with spheroc 3 rtosis, and occurred chiefly 
within the spleen. 

Although there can be no doubt that erythrostasis, particularly that 
within the spleen, may have some slight effect in the ultimate hemolysis 
of red cells, this theory does not explain the development of sphero- 
cytosis, nor does it indicate that the spheroc 3 d« is simply a red cell 
already in the process of hemolysis. Furthermore, as already indicated 
above, an agglutinating substance does more than simply to remove a 
number of red cells from the active circulation, to stagnate, and to 
hemolyze. It actually injures the red cell envelope. Hemolysis is 
thus an active, rather than a passive, mechanism, although it is possible 
that the passive factor may be of some significance. What is more, 
under conditions of extreme erythrostasis, we have found there is 
actually a decrease in hemolysis. Furthermore, the theory of eryth- 
rostasis has no bearing whatever on cases of actual hemolysmemia, as 
in paroxysmal nocturnal hemoglobinuria, nor on march hemoglobinuria 
in which the reverse of stasis is present. 

SPLENIC ACTIVITY 

The role of the spleen in normal and increased hemolysis is still 
obscure. Although it is attractive to consider the spleen as the 
“graveyard” of the red blood cell, this is by no means proved. In al- 
most all conditions of increased hemolysis, the spleen is enlarged, and, 
in some of these, splenectomy is followed by dramatic recovery. Does 
the spleen become enlarged because it must remove more abnormal red 
cells from the circulation than normally, or does it enlarge as a primary 
dysfunction, and thus result in hemolysis? It would appear that both 
answers are correct, since (1) the spleen often acts to remove red cells 
which have been partially hemolyzed elsewhere, and (2) in certain 
“hypersplenic” cases, the spleen appears to be primarily responsible 
for the increased hemolysis, and its removal results in complete cessa- 
tion of the hemolsrtic state. The “hypersplenic” cases are usually 
associated .with leucopenia, granulocytopenia, and thrombocytopenia, 
i.e., pancytopenia. This indicates, according to our concepts, an 
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unusual degree of inhibitory effect of the hyperactive spleen upon the 
bone-marrow formation and delivery of the various cells. Definite 
proof, other than splenectomy, for a “h3^ersplenic” type of hemolysis 
has thus far been lacking. That is to say, there is usually no histologic, 
or other direct, evidence obtained through extracts, etc., that the 
spleen is the initiator of the entire hemol5rtic process. Histologically, 
certain cases show intense erythrophagoc3d;osis. It may be concluded 
that the spleen is certainly of aid in most hemolytic processes, and at 
times initiates and carries through the entire reaction. 

CERTAIN CHEMICAL AND PHYSICAL FACTORS 

Certain chemicals, notably saponin, lecithin, arsine, phenylhydra- 
zine, and certain drugs containing the benzene ring and including the 
sulfonamide compounds, acetanilid, etc., have the property of injuring 
the red cell and causing its hemolysis.^^ Inorganic acids, saturated 
fatty acids and their halogen derivatives, and certain alcohols also 
cause hemolysis. These probably act on the red cells in different ways, 
as by proteins, etc. Physical factors, such as extreme heat, cold (in the 
presence of agglutinin), and certain radiations including the ultraviolet 
(especially in the presence of eosin or kindred dyes) may injure the red 
cell and result in its hemolysis.*^ Contributing factors may be the pH, 
the concentration of potassium, sodium, sugar, etc., in the solution.^^ 

SUMMARY OF PATHOGENETIC MECHANISMS 

One may conclude that the red cell can be injured in a variety of 
ways: directly, whether by a chemical factor, or by hemolysis of simple 
variety, or by heat; in a more complex fashion, by an agglutination 
(complete mechanisms, e.g., immune hemolysin); or by the combina- 
tion of agglutination and mechanical trauma. These methods of 
hemolysis may be aided by such factors as erythrostasis, an acid pH, 
etc. In any event, the red cell is actively injured, and either partial 
hemolysis (spherocsrtosis) or complete hemols^is results. Erythro- 
stasis, the spleen, and the pH are rarely the sole cause for the develop- 
ment of hemolysis, which is probably an “active,” and not a “passive.” 
process. The exact mechanisms which are operative in a given case of 
hemolytic anenaia are quite obscure, but attempts to uncover them 
should always be made. 
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CLASSIFICATIONS OF HEMOLYTIC ANEMIA 

I. Conventions^ or NosograpMc Clastification 

The classification which we have found most useful follows the con- 
ventional pattern: 


Hemolytic Stndbombs 


A. Hereditary 

1. Spherocytic (familial or congenital hemolytic jaundice or 
anemia). 

2. Mediterranean target-oval cell (including Cooley’s anemia in 
mild forms). 

3. Sickle cell (African target-sickle cell). 

B. Acquired 

1. Chemical origin — ^phenylhydrazine, sulfonamides, etc. 

2. Bacterial origin — Streptococcus hemolyticus, Bacterium coli, etc. 

3. Parasitic origin — ^malaria, Oroya fever. 

4. “Symptomatic” origin — secondary or symptomatic of an under- 
lying disease (Hodgkin’s disease, etc.). 

5. “Idiopathic” origin — ^Avith or without hemolysins or agglutinins, 
“hypersplenic” types. 

C. Hemoglobinurias 

1. Paroxysmal cold, (a) (Donath-Landsteiner) hemolysin; (b) 
Cold hemagglutinin. 

2. Paroxysmal march. 

3. Paroxysmal nocturnal (Marchiafava-Micheli). 

4. Others. 

II. “Reticulo-Endothelial” versus Intravascular Hemol 3 rsis 

In general, two types of hemolysis can be discriminated. In the one, 
there is a gradual disintegration of the red cell and its hemoglobin com- 
ponent. This, evidently, takes place outside the circulating blood, 
and may be brought about in vaiious sinusoidal areas, with or without 
the activity of reticulo-endothelial cells. This type of hemolysis is 
unaccompanied by an increase in the plasma hemoglobin concentra- 
tion, but an increase in plasma bilirubin takes place, and this is fol- 
lowed by an increase in the output of urobilinogen in the feces. The 
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spleen becomes enlarged, at times excessively so, evidently because its 
blood-destructive function is greatly increased. 

In the second, or intravascular, type of hemolysis, a mass of red cells 
is suddenly or violently disrupted within the circulating blood itself. 
As a result, there is a quick liberation of hemoglobin with a consequent 
increase in plasma hemoglobin. If a sufficient amount of blood 
(roughly 30 cc. or over) is thus hemolyzed, the plasma hemoglobin 
concentration rises above the threshold level of 150 mgs. per 100 cc., 
with the resultant passage of hemoglobinous urine. Hemoglobinuria 
is thus indicative of violent intravascular hemolysis of more than 30 cc. 
of blood. Hemoglobinuria must always be accompanied by hemo- 
globinemia, but the reverse is not necessarily true, since, ordinarily, 
plasma hemoglobin levels of less than 150 mgs. are not accompanied 
by hemoglobinous urine. With the presence of an increased plasma 
hemoglobin level, an abnormal blood pigment called methemalbumin^^ 
is formed. Small quantities of methemoglobin may also be produced. 
The spleen may not become enlarged, even with successive bouts of 
violent hemolysis. Apparently, this is so because red cell destruction 
is carried out chiefly within the circulating blood, and not in the 
reticulo-endothelial sinusoids. In paroxysmal nocturnal hemoglobi- 
nuria, both types of hemolysis seem to take place simultaneously. 
Intravascular hemolysis takes place with the patient in the supine 
position, generally at night. Normal, or “reticulo-endothelial,” hemo- 
lysis occurs during the rest of the day. In this condition, a mixed type 
of hemolysis is present with a resultant increase in both plasma hemo- 
globin and bilirubin levels, hemoglobinuria, a slight increase in fecal 
urobilinogen, and splenomegaly. There is, in addition, a very unusual 
type of iron removal from the hemoglobin molecule, with its subsequent 
deposition in renal tubules. 

Tsrpes of Hemolysis as Determined from Red Blood Cell 
Survival Studies 

We have already seen that the red cell has a longevity of approxi- 
mately 110 to 120 days.^ In our laboratory, we have used a modified 
Ashby technique, utffizing high titer anti-A, anti-B, anti-M, anti-N, 
and anti-Rh testing sera, for dffierential agglutination directly in the 
red blood cell counting pipette. By introducing normal red cells into 
the circulation of patients with hemolytic disease, it is possible to dis- 
tinguish at least two types of hemolysis (table 1). In the one, the in- 
troduced red cells are destroyed in a normal linear fashion, the life span 
being approximately normal. This occurs in familial spherocytosis and 
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Table 1 


Tests Found Useful in Differentiation op Familial Spherocytic 
Anemias prom Acquired Types 


Test used 

Familial 
spherocytosis 
not in 
crisis 

Familial 
spherocytosis 
in crisis 

Acquired 

hemolytic 

Chemical 

Red cell survival time 

normal 

decreased 

decreased 
? exponential 
curve 

normal 

Iso-antibodies 

none 

may be 
present 

present 

absent 

Anti-human-serum 
RAbbit serum 
(Boorman-Dodd, 

Loutit) 

negative 

? 

+ 

presumably 

negative 

Mechanical fragility 

normal 

? 

+ 

normal 


in the other hereditary hemolytic syndromes of Mediterranean target- 
oval cell disease and sickle cell disease. In certain cases of acquired 
hemolytic anemia, particularly in those associated with circulating 
iso-antibodies, the curve of red cell destruction is a much sharper one. 
According to some investigators, this curve is of the exponential 
variety. In some of our cases, however, the curve has been linear in 
type, although a rapid loss of red cells took place. Thus, in certain 
cases of hemolytic anemia, the disorder is evidently one which centers 
largely around the patient’s own abnormal red cells, as a result of 
which, the normal processes of hemolysis cause increased red cell des- 
truction. According to a number of investigators,^® this is the situa- 
tion, for example, in familial spherocytosis. Here, the abnormal red 
cells are destroyed at a rapid rate by a normal spleen. Normal red 
cells are destroyed at the normal slow rate. When the spleen is re- 
moved, increased red cell destruction ceases, even though sphero- 
cytosis persists. These observations, apparently, indicate that there 
is no abnormality in hemolysis per se, but that the red cells themselves 
are abnormal. This explanation does not elucidate the fundamental 
cause of the spherocytosis. By analogy with our experiments concern- 
ing the production of spherocytosis, and in view of the fact that the 
spherocyte represents a red cell which has been injured, it would seem 
likely that the spherocyte of familial spherocytosis is a red cell which 
has been injured by ‘‘hemolysin,” in the general sense. Since in a case 
of this disease normal red cells are not destroyed at a more rapid rate in 
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the circulation, it is possible that the patient’s own tissues produce spe- 
cific substances which act exclusively upon the patient’s own red cells. 

Confirmatory of the presence of a substance causing spherocytosis of 
mature red cells is the extreme degree to which this abnormality de- 
velops during a hemolytic crisis. The hypotonic fragility increases 
during this time, and there are present as well leucopenia, neutropenia, 
thrombocytopenia, and reticulocytopenia. These cytopenias suggest 
an active degree of hsrpersplenism. Recent studies in our laboratory 
indicate that the destruction of normal red cells may become increased 
at this time. In one case, an abnormal iso-antibody was demonstrable 
during crisis. 

The rapid rate of hemolysis of red cells introduced into certain cases 
of acquired hemolytic anemia indicates a “hemolytic constitution,” 
i.e., a mechanism whereby introduced normal red cells, as well as those 
of the patient, are destroyed at an abnormally rapid rate. An ex- 
ponential type of curve has been assumed by Brown et and has 
been confirmed in a few clinical observations.^ Our own studies indi- 
cate that the rapid hemolysis of normal red cells may proceed either 
exponentially or in a straight-Une fashion. With the possible exception 
of the crisis, therefore, the finding of a definitely decreased red cell life 
span indicates (1) acquired hemolytic anemia and (2), a definite iso- 
antibody effect. Such cases are, as a rule, associated with the presence 
in the serum of abnormal agglutinins or hemolysins, which are usually 
of the immune body type (cf. below). ^ 

Still a third type of hemolysis, non-congenital, definitely acquired, 
but associated with a normal red ceU life span, was recently observed in 
a case of acute hemolytic anemia associated with chemical poisoning 
(refrigerant). In this case, no abnormal iso-antibodies of any type 
were present. 

III. Types of Hemolysis as Determined from Study of Serum for 
Abnormal Iso-antibodies and from Study of Red 
Cells for Adsorbed Immune Antibody 

The cases of hereditary hemolytic disease (sphei'ocytic, target-oval 
cell, target sickle cell types) are not, as a rule, associated with the 
presence in the serum of abnormal iso-antibodies, whether hemolysins 
or agglutinins. An exception, as noted above, may occur during the 
hemolytic crisis of familial spheroc3diOsis. 

In cases of acquired hemolytic anemia, except those due to chemicals 
and those which are sjunptomatic or secondary to some other condi- 
tion such as Hodgkin’s disease, we have found an agglutinin which is. 
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apparently, best brought out by the use of bovine albumin, rather than 
normal salt solution, as a serum diluent. This agglutinin is, usually, 
of the “cold” variety, and may be of high titer. Its exact relationship 
to the hemol3d;ic process is obscure, perhaps because its reactions in 
mtro are best brought out at temperatures far below the normal body 
temperature. The potentiation of hemolytic activity of cold hemag- 
glutinin has been recently pointed out by Boorman et aU'‘ Some cases 
with a warm agglutinin may show greatly increased activity in albumin 
solutions, as compared with saline. That this is due to the presence of 
a “univalent,” “blocking,” or “incomplete” antibody, as claimed by 
Wiener*® for anti-Rh agglutinins, is debatable. We think it likelier 
that the agglutinin activity is more readily brought out in solutions of 
albumin, or in plasma, than in normal salt solution, not because the 
agglutinins are incomplete, but because these solutions are more nor- 
mal diluting materials than normal salt solution. Erythroblastosis 
fetalis is an example of a congenital but acquired hemolytic disease, due 
to the presence of abnormal agglutinins (usually of the anti-Rh type). 
These may be “complete,” i.e., readily brought out in salt solution, or 
“incomplete,” i.e., not brought out in salt solution, but found only 
when albumin or plasma solutions are used for titration. 

Some cases of acquired hemolytic anemia show an iso-hemol3rsin, of 
the immune body variety, which is active against red cells of all blood 
groups, as well as against the patient’s own red cells.® 

Cases of acquired hemolytic anemia which are due to chemical 
poisoning or are secondary* to such conditions as Hodgkin’s disease, 
lymphosarcoma, etc., do not show immune bodies of any type in 
the serum. 

Recently, Boorman, Dodd, and Loutit*® described an interesting test 
whereby they discriminated between familial and acquired cases of 
hemolytic disease. Beginning with the postulation, previously ad- 
vanced by Dameshek and Schwartz,® that, in certain cases of acquired 
hemolytic anemia, the serum might be devoid of demonstrable iso- 
antibody which was, however, adsorbed on the red cell, they prepared 
an anti-human serum rabbit serum. By using this serum against red 
cells of acquired and hereditary eases, they obtained positive results, 
i.e., agglutination of red cells, in the acquired cases, and negative results 
in the hereditary types. Negative results were obtained, also, in 
symptomatic and chemical cases. Although these results are in accord 
with our previous postulations and with the results of red cell longevity 
studies with serum iso-antibodies, they require further confirmation 
before they can be completely accepted. 
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Types of Hemolysis as Determined from "Differential 
Fr^lity Studies” of the Red Cells 

The hypotonic fragility test is an index, simply, of the degree of 
thickness of the red cell. The thicker the cell, the greater is its 
“fragility” to hypotonic solutions of sodium chloride. The red cell 
may be tested by other physical or chemical methods, to determine, 
possibly, the type of substance which has reacted with it. Thus, by 
use of mechanical trauma mth glass beads in a mechanical shaker 
(mechanical fragility), we can readily determine that red cells from a 
given condition are hemolyzed at a far greater degree than normally.^ 
In our experience, this indicates either the previous activity upon the 
red cell of agglutinin, or the presence of the “sensitization” phenome- 
non, i.e.j the first step in hemolysis by a complex hemolysin. When a 
cold hemagglutinin is present, either the mechanical fragility test must 
be performed with cold solutions or the tubes must be surrounded by 
ice. In certain hemoglobinurias, a cold hemagglutinin is present and, 
therefore, an abnormal mechanical fragility is present. In others, 
there is a complex auto-hemolysin which requires cold for sensitization, 
and warmth and complement for hemolysis. This is known as the 
Donath-Landsteiner hemolysin. In still others, heat alone causes 
hemolysis (heat fragility increased) as in cases of paroxysmal nocturnal 
hemoglobinuria. ^ ® In this disease, there is an increased acid hemolysis. 
These data are presented in table 2. 


Table 2 

Differential Fragility Tests 


Types of hemolytic 
disease 

Hypotonic 

fragility 

Mechanical 

fragility 

Acid 

fragility 

H^t 

fragility 

Hereditary: 





Spherocytic 

Tar^t cell 

Siclde cell 

4“ 

+ (resistant) 

— 



-j- (resistant) 

“ 


— 

Acquired: 





with agglutinins 

4- or — 

+ 

— 

— 

without agglutinins 

Hemoglobinurias : 
Paroxysmal cold 

4- or — 


1 


(syphilitic) 

Paro3^mal cold 

— 



4~ (i^iith cold) 

(with ag^utinin) 

4“ or — 

4- 

— 

— 

Paroxysmal nocturnal 

- 

- 

+ 

4- 

Paroxysmal march 


- 

- 

- 
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INTRODUCTION: PROBLEMS CONCERNING 
CONVECTIVE LAYERS 


By R, B. Montgomeey 

Woods Hole Oceanogiaphic InUitution,* Woods Hole, Massachusetts 

The first conference of the Section of Oceanography and Meteorol- 
ogy of The New York Academy of Sciences, in March, 1942, f con- 
cerned the subject of boundary-layer problems. It so happened that 
most of the problems discussed were ones which are controlled by 
mechanical turbulence. The second conference (of which this pub- 
lication is the result) deals with convection patterns and related phe- 
nomena in horizontal layers, and might have been entitled Convective- 
Layer Problems. Since convective layers usually coincide with 
boundary layers, tliis subject supplements that of the first conference. 
This second publication, moreover, is concerned with boundary layers 
which are controlled by convection, either convection of an orderly, 
patterned t 3 T)e, or convection of the irregular type known as thermal 
turbulence. 

By convective layer is meant a layer in which, due to unstable hy- 
drostatic equilibrium, the potential energy of the vertical mass dis- 
tribution is converted into thermal turbulence or patterned convection. 
This use of the word “convection” is the restricted one customary in 
meteorology. In order tliat the full implication of indhidual studies 
may be seen, the various convective layers in the ocean and atmos- 
phere may profitably each be mentioned. 

(1) Nocturnal type of surface layer in water (piguhb 1) . The lower 
limit of this convective layer can be a thcrmocline, or it can be the 
bottom of the body of water. The convection is maintained by surface 
cooling due to long-wave radiation, by heat conduction to the atinos- 
phere, and by loss of latent heat in evaporation. In salt water, evapora- 
tion produces a salinity gradient which contributes to the convection. 

(2) Insolational type of surface layer in water (pigtjbb 2). Even 
though the heating effect of short-wave, solar radiation may exceed in 
total magnitude the factors, mentioned above, which increase the water 


• Contribution No. 867 
t Ann. N. Y. Acad Sci. XMV (1) : 1-104. 
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density, a shallow surface layer often exists in which those factors pre- 
dominate. This is true because the short-wave radiation is absorbed 
throu^out several meters of water, while the emission of long-wave 
radiation and ihe direct effects of evaporation are confined to a sur- 
face film about one millimeter thick. 



(3) Air layer warmed at surface (figtjbe 3). A convective air 
layer capped by a temperature inversion, or stable layer, can be formed 
by matutinal warming of the ground under it, or by the advection of 
the air to a warm water surface. The potential temperature of the 
convective layer steadily increases. 



(4) Air layer cooled from above (FicfUEB 4) . The top of a cloud 
sheet or fog loses heat by radiaMon at a large rate, if there are no clouds 
above it, perhaps even in the presence of strong insolation. A convec- 
tive layer developing in this way may, or may not, extend to tlie 
ground. Its potential temperature steadily decreases. 
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(5) Air layer warmed from below and cooled: from above. The 
cloud layer shown in figure 4 may be so high that it is much colder 
than the ground. Its base then gains heat by long-wave radia- 



tion from the .ground. The resulting convective layer may be con- 
fined to the cloud layer. While warming by radiation from below 
occurs when the actual temperature of the cloud base is lower than 
the surface temperature, warming by compaction from the ground 



occurs when the potential temperature of the cloud base is lower than 
the surface temperature (figure 5). The convective layer, in this 
case, extends from the top of the cloud down to the surface. Fog may 
form a special case of this phenomenon. When warming from below 
and cooling from above occur simultaneously, the relative effectiveness 
of the two determines, of course, whether the temperature of the con- 
vective layer increases or decreases. 
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In its pui'e form, each of these five types of layers is horizontally 
uniform, except for the natural convection pattern belonging to it. 
In order to confine the subject within reasonable limits, the forced 
patterns resulting from topographic features or from explosions are 
best left out of consideration. 

Since a convective layer is always some sort of boundary layer as 
well, the phenomena within it are subject to great modification by 
mechanical turbulence. A^Tiile in special cases the mechanical source 
of turbulent energy is negligible, in most cases it must be taken into 
consideration along with the thermal source. 
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Figubb 5. Schematic representation of convective air la^'er both a aimed at suiface and cooled 
at doud top. 


The information one could desire about convective layers falls into 
three rather distinct, but physically intimately related, categories: (a) 
The pattern of the convection. This may be either of an orderly na- 
ture, or of an irregular, turbulent nature. The pattern would be re- 
vealed, in part, by instantaneous sections, either horizontal or vertical, 
showing the distribution of velocity, temperature, or concentration. 

(b) The mean vertical distributions of temperature and concentration. 

(c) The mean vertical transfer of heat and of dissolved or suspended 
material. 

Convective layers have received very little attention in spite of their 
widespread occurrence in regions of intense human activity. For the 
three categories mentioned above, which are pertinent to all five tsrpes 
of convective layers, only fragmentary bits of information exist. I am 
sure that the individual authors will agree with me tixat their papers do 
not offer general solutions, but, by describing isolated phenomena which 
call for explanation and generalization, mostly raise questions which 
renoiain unanswered. The purpose of this publication, then, is not so 
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much to present results, as to focus attention on the almost untouched 
problems concerning convective layer's. With this object, we have 
brought together a group of persons whose work has touched on various 
aspect of convective layers. If the results serve to stimulate a sys- 
tematic attack on some of these problems, our work will have been 
well justified. 

I should like to mention some phases of convective-layer problems 
which have received attention. Several investigators have carried out 
rigorous theoretical studies of convection patterns. Although these 
studies are confined to laminar flow, they appear to form a necessary 
background for work on the turbulent type of convection that occurs 
in the atmosphere and ocean. For this reason, the results of such 
studies are summarized in Mr. Stommel’s paper, in a form that makes 
their basic features more accessible than do the original papers. A 
paper discussing theoretical aspects of the relation between convection 
patterns and wave patterns will be presented by Dr. Haurwitz. 

The pattern of convection in the nocturnal type of convective layer 
in water has been studied by Langmuir (1938). The measurement 
of the vertical temperature distribution in this layer has become a 
routine operation, through the use of the bathythermograph, the first 
models of which were designed by Professor Spilhaus (1940). Papers 
on the mean vertical distribution of temperature in this layer, by Dr. 
Church and by Mr. Armstrong, are included, while Mr. Woodcock 
(1941) has studied the pattern of convection in the insolational type 
of convective layer in water. 

The convection pattern of the convective air layer warmed at the 
surface is discussed by Messrs. Woodcock and Wyman, and by 
Mr. Raynnond Wexler. For the lower part of this layer, observed 
vertical distributions of temperature have been previously recorded 
by Johnson and Heywood (1938) and Franssila (1945), and of 
water vapor, by Dr. Sverdrup (1946). For the upper part of the 
layer, a theory of the temperature distribution during cumulus con- 
vection was offered by Dr. Bjerknes (1938). New material on the 
distribution of temperature and water vapor in the layer warmed 
at the surface is here presented in a paper by Mr. Craig. The mean 
vertical transfer of heat in this layer has already been considered by 
Kamp6 de Feriet (1942) , and by Burke (1945) . Laboratory measure- 
ments of the mean vertical temperature distribution, both above and 
below gn air-water surface, have also been made by Ramdas and 
Raman (1946). 

With regard to future work on convective layers, guidance may be 
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obtained from the methods used in the study of mechanical turbulence 
in boundary layers. By the clever choice of variables and parameters, 
widely varying problems have been brought under simple empirical 
laws. It appears probable that properly chosen measurements in con- 
vective layers in the ocean and atmosphere can be related to controlled 
laboratory experiments by means of quantities chosen in a similarly 
suitable manner, so that greater order will appear out of our scattered 
knowledge. A step in this direction was made years ago by Prandtl 
(1932), who suggested a law for the mean temperature distribution 
in a convective layer. 

Finally, some mention may be made of important applications for 
which further knowledge of convective layers is needed. In the ocean, 
the vertical dispersion of heat, oxygen, and nutrient substances is ac- 
complished in part by convection. There, too, convective layers play 
an important part in sound propagation. In the atmosphere, they 
have considerable influence on short-wave electromagnetic propaga- 
tion.* Convection is a large factor in the dispersion of pollution (in 
water, as well as in air) , and has a large influence on all other phases 
of the microclimatology of urban regions. Due to the daytime preva- 
lence of a surface convective layer, the agricultural environment is inti- 
mately controlled by convection. 
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A SUMMARY OF THE 
THEORY OF CONVECTION CELLS 


By Henry Stommbl 

Woods Hole Oceanographic Institution,*- Woods Hole, Massachusetts 

INTRODUCTION 

When a horizontal layer of viscous fluid is uniformly heated from 
below, a steady regime may occur in one of the following two ways. If 
the temperature difference between the two horizontal bounding sur- 
faces is sufficiently small, the heat supplied at the bottom surface may 
be delivered to the top sm'face by conduction alone, in which case no 
fluid motion occurs. For greater temperatm*e differences, the fluid 
assumes a convective motion, which occurs in a very regular cell-like 
pattern. The entire layer divides itself up into self-contained iden- 
tical cells whose convective cii’culation transfers heat from the bottom 
to the top surface. 

The experimental and theoretical studies of convection cells that 
have been made to date have essentially been efforts to discover: (1) 
the critical temperature gradient at which the steady regime changes 
from one of conduction to one of convection; and (2) the geometry 
and dimensions of the cells that are formed in the convective state. 

EXPERIMENTS 

The chief source of experimental data is the work of Henri Benard.^ 
Briefly, his procedure was as follows: He heated a horizontal layer 
of fluid from below, and noted the formation of polygonal cells in a 
more or less regular pattern, also that there were certain “laws” which 
govern the dimensions and shape of the cells. Dr. Paul Queney, of 
the University of Paris and the University of Algiers, tells the author 
of some interesting elaborations of convection cell experiments which 
he saw performed in Benard’s laboratory. In these, a thin layer of 
a non-electrolyte was electrostatically charged, positively on the top 
surface and negatively on the bottom surface, and the resulting con- 

• Contribution No. 866. 

iRev. Gen. Sci Pur. Appl. 12 ; 1261, 1309. 1900. Ann. Chim. 23 ; 62. 1901. 
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vection studied. At an even earlier date, the same tessellated struc- 
ture was noticed by J. Thomson,® during the cooling from above of 
soapy fluids. 


FIELD OBSERVATIONS 

As early as 1862, J, Thomson noticed sinuous markings and calm 
areas on the sea, and suggested that they were due to vertical cellular 
circulation.® Irving Langmuir* made numerous measurements of the 
streaks and lines appearing upon Lake George. A. H. Woodcock® 
studied the wind-induced motion of Physalia, and also made a number 
of drift bottle measurements to determine the nature of the surface 
flow in convective strips in the open sea and, in particular, any possible 
asymmetry due to the earth’s rotation. 

In all three of the preceding cases, long, parallel convection strips 
were considered, instead of simple regular cells. 

On Erdmann’s Tundra, Spitsbergen, there appear wide stretches 
covered with stones arranged in rough polygons. The transport and 
arrangement of these stones has been explained as due to the cellular 
convection cells presumably set up in soil water during the thaws. 

A. R. Low* and D. Brunt^ suggest that the concept of the convec- 
tion cell might prove an important tool for the understanding and de- 
scription of such phenomena as multiple thunderstorms, etc. Mai,* 
and Phillips and Walker,* attempted to interpret various cloud forms 
in terms of convection cells. 

Recent studies of convective motion in the atmosphere have been 
made by Dr. Jeffries Wyman, A. H. Woodcock, and others, for the 
U. S. Navy Department. They will be discussed separately. 

THE AVAILABLE THEORETICAL LITERATURE 

The basic approach to the theoretical treatment of the problem of 
the stability and geometry of convection cells was made in 1916, by 
Lord Rayleigh.®* Several other treatises have appeared since that 

» On a changingr tessellatlng structure in certain liquids. Proc. Glasgow Phil. 
Soc. 13: 464r-468. 1882. 

» Phil. Ma^ 4 (24): 247, 1862. 

« Science §7; 119-128. 1938. 

* Sears Found., J. Marine Hes. B (3): 196-205. 1914. 

< Nature 115: 299-301. 1926. 

* Physical and Dynamical Meteorology (2nd ed.>; 219. Cambridge University 
Press. Cambridge. 1939, 

•Beitr. Phys. Pr. Atmos. 17: 40-68. 1930. 

* Quant. J. Roy. Met. Soa 58: 23. 1932. 

^oBaylelgli, J. W. 8., Xrf>rd. PhlL Mag. 32: 529-546. 1916. Rayleigh's paper Is 

largely Influenced by his previous studies in The Theory of Sound (2 vols. 1877. 
Reprinted by Dover, 1945). The sections 198-218 (vol. 1) on the vibrating mem- 
brane are particularly relevant. 
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but they are all essentially refinements and rephrasings of 
his original work. These will be referred to repeatedly throughout the 
rest of this paper. The authors vary somewhat in their respective 
treatment of the problem, and in the notation they use. In the follow- 
ing, an attempt will be made to outline the theory in general and, at 
tlie same time, to point out how and where each author’s treatment 
differs from that of another. 


THE DIFFERENTIAL EQUATIONS 

The basis of all the theories propounded is provided by the follow- 
ing three equations: 

(a) Euler’s equation of motion; 

(b) Equation of continuity; 

(c) Equation of thermal diffusion. 

Our task becomes one of making certain simplifying assumptions, 
so that we may finally construct a simple analsrtical solution of the 
three equations taken simultaneously. We must also succeed in im- 
posing certain boundary conditions, without which the equations bear 
no resemblance to the physical problem. 

First, let us turn to the unsimplified equations themselves. 

(a) Euler’s Equation of Motion: 
tjy 1 

P Yf = pF - Vp' + -^ vpVV ' V + vp^ + pV X 2w, 
where P is the density, 

■=^the substantial derivative, 

Jl/C 

V the vector velocity, 

F the ejcternal force field, 

V the nabla operator, 
p’ the pressure, 

V the coefficient of kinematic viscosity, 

V® the Laplacian operator, and 

u the vector rotation of ^e earth. 

We have assumed that the x, y, z axes are so chosen that the origin is 
at the bottom of the layer and z points upward. 


HacoMU Phil. Mair. 8: 833-844. 1928. 

Jeffteysi Karold. Proc. Roy. Soc. London A 118; 195-208. 1928. 

^Pellew, Axae, A B. V. SontliwaU. Proc. Roy. Soc. London A 176: 312-B48. 
1940. 

"Bov, A. B. Proc. Roy. Soc. London A 185: 180-195. 1929. ^ , 

Bov, A. B. Proc. Third International Congress for Applied Mechanics, Stock- 
holm. 1930. 
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(b) Equation of Continuity: 

Dp 


Dt 


+ p V • V = 0. 


(c) Equation of Thermal Diffusion: 

D& 


Dt 




where is the temperature, and 

K the coefficient of thermal diffusivity. 


SIMPLIFYING ASSUMPTIONS 

The following simplifying assumptions are made: 

(1) The fluid is incompressible, the density p constant, except for 
its thermal expansion, as it modifies the gravity term. 

(2) The temperature gradient in the steady state is linear. 

(3) The thermal expansion is linear. 

(4) The motion is so slow that w, v, and w, the components of v, 
are small enough so that their products and squares are negligible in 
a first approximation. 

(5) w = 0 in all papers except Jeffries,^“ where the vertical com- 
ponent is considered qualitatively. 

(6) K and v are true constants. In meteorological problems, the 
variable eddy diffusivity and viscosity would be much more significant. 
For example, it would be interesting to carry through a solution where 
K and V are linear functions of e. 


THE APPROXIMATE DIFFERENTIAL EQUATIONS 

By virtue of the foregoing assumptions, the three basic equations 
are much simplified, as shown: 

(a) Modified Form of Euler’s Equation of Motion: 

V = - -Vp + 

P 

where e is the unit vector in the a direction, 
g the acceleration of gravity, 
a the coefficient of thermal expansion and y = ag, 
the deviation of the temperature &' from that of the 
steady state ^o, and 

p the deviation of the pressure p' from that of the steady 
state po. 
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(b) Modified Equation of Continuity: 

^ I ^ 1 _ fi 

dx'^dy^ dz~ 

(c) Modified Equation of Thermal Diffusion: 
3 

|8 m), 


where 






To solve these equations simultaneously, one cross-differentiates 
and eliminates u, v, p, and obtains a partial differential equation of 
the sixth order in w: 


where 


(~- + /SyVi^w = 0, 


Vi* = 


a* 

dx^ 


+ 11 . 

^dy^‘ 


Alternatively, it is possible to develop the equations in terms of 


SOLVING THE PARTIAL DIFFERENTIAL EQUATION IN w 

The solution of the partial differential equation is assumed to be 
separable into functions of y, z, and t. We may express this by 
writing 

to = lV/(a:,2/)F(z)$(t). 

Our solution then takes a form in which the factor f(x, y) depends 
upon the lateral geometry of the cell, the factor F(z) is determined 
by the top and bottom boundary conditions, and the factor #(f) 
determines the stability of any particular re^me. We will now pro- 
ceed to examine each of these factors separately. 


THE f(x,y) FACTOR 

Until now, assumptions have been made about the existence of cells. 
In discussing the factor f{x,y), we implicitly assume their existence. 
Their nature (shape, etc.) will depend upon our particular choice of 
f{x,y). The theoretical method, however, does not indicate which 
shape of cell will actually form. For practical purposes, we may limit 
ourselves to simple geometric forms such as the square, the infinite 
strip, and the hexagon. Because we are in effect dealing with a prob- 
lem of plane tessellation, a few elementary remarks may be ap- 
propriate.* 


* For a more detailed, discussion, see: Sraltclxlk] Iff. La Math^matlque des Jeux. 
Brussels. 1930. 
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A plane tessellation may be made in an unlimited number of ways, 
if no restriction is placed upon the size and shape of the geometrical 
forms making up the pattern. In a definite pattern, as in convection 
cells, certain restrictions are imposed. Suppose we restrict the tessella- 
tion to one in which all the components are identical regular polygons, 
each witii n sides. Consider a point P at which we wish to join 
the vertices of m, say, of these n-polygons. Each of the ^-polygons 
has an interior angle of (n — 2)ir/n. If the point P is to be entirely 
surrounded, then m • (» — 2)7r/n = 2ir, or (m — 2) (» — 2) = 4. 
Both m,n> 2. We need only consider the cases: 


n. = 3, 

jft = 6, 

ft = 4, 

m = 4, 

ft = 6, 

m not an integer. 

ft = 6, 

m = 3. 


Therefore, the plane may be tessellated by identical regular polygons 
only in cases where the polygons surrounding the point P are (a) six 
equilateral triangles; (b) four squares; or (c) three hexagons. If 
combinations of polygons are permitted, eight other possible cases 
arise, but these are of little importance for practical purposes. 

a. Rectangular Cells^®> 

If f{x,y) is of the form of e* the cells are rectangular, their sides 
parallel to the x and y axes, and with sides of the length 27r/l, 2n‘/m. 
Analytically, this is the simplest form of solution possible. In the case 
l = m, the cells are squares. If either 1 = 0 or m = 0, but not both, 
the cells are infinitely long strips. 

b. Hexagonal Cells^® 

Due to tile discovery, by D. G. Christopherson,*'* of an exact func- 
tional solution for the hexagonal cell, we are now able to examine this 
important case. Cells produced experimentally are, after an initial 
transient state in which 4- and 7-sided polygons are present, generally 
hexagonal. The Christopherson function is of the form: 

...If 2}nr , r- N , 2n'jr , , inir ) 

f{x,y) = gWo^cos— (V3 x + y) + cos — (V3 a: - y) + cos— y>. 

where L is the length of a side of the hexagon and Wq the value of w 
at the center of the hexagon. 


» Quart. J. Math. 11; 6a~65. 1940. 
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c. Circular and Nearly Circular Cells 

Before Christopherson’s discovery, an attempt was made^® to ap- 
proximate the hexagon by small deAdations from the circular case 
which, in turn, may be developed in terms of Bessel functions. The 
method appears in an appendix of Rayleigh’s paper’® and is developed 
fully in his Theory of Sound. With the discovery of the exact func- 
tional solution for the hexagonal cell, this treatment assumes less 
practical importance. 


d. Triangular Cells 

These may be developed in terms of the hexagonal solution. 

e. Elliptic Cells 

Solutions for cells with elliptical boundaries may be developed in 
terms of Mathieu functions. However, no such solution has been 
made, presumably because the case is of little physical interest. 

f. The a Parameter’* 

It is possible to sidestep the issue of the exact functional form of 
f{x,y) by the introduction of a parameter a. This is possible be- 
cause the nature of /(a;,j/) issuchthat/(x,y)«Ai*/(a;,y). Weimpose 
the condition: 

+ OjW = 0 , 

in which h is the depth of the cell and a* is a characteristic number as 
yet undetermined. 

The parameter a may be carried through the solution formally and 
its final significance for certain definite shapes determined numerically. 

g. The F(z) Factor 

The factor F{z) depends upon the nature of the top and bottom 
surfaces. Except in one study,’®* it is assumed that every cell extends 
all the way from the top to the bottom of the layer. We assume that, 
at the boundaries, the temperature is everywhere the same, so that 

on them, d'= d<o or d = 0. At a free surface, w = = 0; at a 

dzo 

rigid boundary, w = — = 0. Table 1 illustrates the possible cases 
oz 

and names the authors who have treated them. 

7*ir 

The particular form assumed by Rayleigh is F(z) = sin -^z, where 
r is an integer. 



722 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Table 1 





Top 




Rigid 

Free 




Conducting 

Non- 

conducting 

Conducting 

Non- 

conducting 


I 

Conducting 

Pellew & 
Southwell^^ 


Pellew & 
Southwell^ 

Jeffre3»“'“» 







1 

Non- 

conducting 


Jeffreys'^ 





Conducting 

Poll6W& 

SouthweU^^ 


?Siew & 

Southwell^^ 




Non- 

conducting 






THE $(0 FACTOR 

The most important single point about the $(<) factor is its ex- 
ponential character. Consider any quantity q « e”K If n is in general 
complex, the following deductions may be made concerning the 
stability of q: 

If 3{n) 9 ^ 0, the motion of q is oscillatory; if 3(n) = 0, there is no 
oscillation. If S(7i) = 0, the oscillation of q is of steady amplitude; 
if S(n) 9^ 0, the amplitude of the oscillation changes: in particular, if 
il(n) < 0, it decreases, or if R(n) > 0, it increases. If both 3{n) — 0 
and fi(n) = 0, then g is a constant. 

If, after a small displacement 8q of q from the steady state value 
go, q gradually returns to go, the physical regime which g describes is 
said to be stable. If, on the other hand, g becomes indefinitely great, 
upon the introduction of a small displacement 8g, the regime is im- 
stable. Instability, that is, convective motion, arises if, and only if, 
ll(n) > 0. The application of this stability criterion“ on w is pos- 
sible, provided: 


#(t) = e"‘. 
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COMBINATION OF THE FACTORS AND DETERMINATION 
OF THE STABILITY CRITERION 

Essentially, then (in this paragraph we follow Rayleigh) , one con- 
structs a function for w by combining the features of f(x,y), F{z), 
and # (0 which apply to the case under investigation. This form of w 
is then substituted into the partial differential equation in w. The 
result is an algebraic relation among the physical parameters y, k, v, 
the geometric elements (e.g., I, m, h) of the cell, and the quantity n. 
This algebraic relation may be regarded as a polynomial in n, the roots 
of which are then investigated in the light of the stability criterion 
(that for instability % (n) > 0) . Certain inequalities arise among 
the physical parameters and geometric elements of the cell, which are, 
in fact, the conditions for stability or instability. For example,” if 
K,v,yP are defined as above, and if we consider a rectangular cell of 

2ir 

sides “T and — in a liquid of depth, we assume a form of solution: 

L tn 

qjD = 

ttt 

where ® “ A"’ 2, 3, . . . , 

and substitute it into the differential equation. The result is an 
algebraic equation in n: 

(n -h K<7)(n w)<r + ^yQ? -1- m®) = 0, 
where <r = P -f- to* -|- s®, 

whose roots have positive real parts when, and only when, 

—Py(P -|- TO®) > kv(F. 

This is the condition for convection motion for cells of a particular 
size. To quote Rayleigh: “It is of interest to inquire at what point 
the equilibrium becomes unstable {i.e. the regime becomes convective) 
when there is no restriction upon the value of I® + to®. 

In the equation 

—Sy(P + TO®) — kihF = —fiyiff — s®) — Kw* = 0, 

we see that the left hand member is negative if 1® + m® is small, and 
also when it is large. When the conditions are such that the equation 
can only just be satisfied vdth some value of I® + to®, or <r, the derived 
equation 

— jSy — Skvct® = 0, 
must hold good also, so that: 
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and 

„ 27ki'S^ 

-py = -f-. 

Unless —fiy exceeds the value given above, there is no instability (no 
convective motion) no matter how I and m are chosen. But the equa- 
tion contains s which may be as large as we please. The smallest 

value of s is ^ . The condition of instability, when I, m, and s are all 

unrestricted, is accordingly: 

-^>^^ 657 . 5 . 

KV 4 

If —fiy falls below this amount the equilibrium is altogether stable 
(no convection) .” 

Rayleigh then proceeds to investigate the problem of the size of tlie 
cells formed: 

“In an experiment the temperature gradient could not be established 
all at once and we may suppose the process to be very slow. In earlier 
stages the equilibrium would be stable (no convection; conduction 
only) so that no disturbance of importance would occur until n passed 
throu^ zero to the positive side (that is when the thermal gradient ^ 
reached the critical value given above) . The breakdown then occurs 

TT 1 

for 8 = ^ or Z* + m* = 2 ~ evanescence of n 

is equivalent to the omission of -rr in the original equations the mo- 

ot 

tion thus determined has the character of a steady motion (steady 
convective regime with cells of known dimensions) ." 

It was mentioned above that Rayleigh’s development treats only 
one special case, namely, that in which the top and bottom boundaries 
are free and the cells rectangular. Other developments^® were shown 
to be possible involving a variety of boundary conditions. Table 2 
has been computed as a final summary of the theoretical results. It 
gives the dimensions of complete cells that will occur in the steady 
convective regime. The quantity L is the side of a square cell, the 
width of a strip cell, or the side of a hexagonal cell, respectively. 

Ilie tlieory contains two rather startling implications: (1) that 
the geometry of the cells L/h is independent of the physical parameters; 
and (2) that the critical number —pyh*/Kv, which divides the case of 
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Table 2 


Boundaries/cell shape 

Ljh 

— 

KV 

Square 

Strip 

Hexagon 

Two free 

4.00 

2.83 

1.89 

657 5 

One free, one rigid 

3.28 

2.34 

1.56 

1100 7 

Two rigid 

2 8 

2.00 

1.34 

1707.8 


steady conduction from tliat of steady convection, is independent of 
the assumed geometry of the cell. 


FURTHER REMARKS 

Helmholtz, in his memoir on rotational motion,^' showed that, in 
a closed, simply connected space with fixed walls full of liquid, a non- 
constant velocity potential cannot exist. Hence, in a convection cell, 
which may be regarded as such a space, at least some portion of its 
fluid moves rotationally, if it moves at all. The functional form of 
solution proposed by Rayleigh, for example, may be investigated and 
found to demand vorticity throughout the cell. 

Because the dimensions of the cells which occur in the steady con- 
vective state are independent of the physical parameters involved, one 
is tempted to attack the problem of their determination by using a 
simplified vortex model, without any reference to viscosity, tempera- 
ture, etc. 

The author attempted such an approach. By confining the problem 
to the case of infinite strip cells, it becomes two-dimensional. Further, 
if the vortex motion of the cells is arbitrarily confined to singular 
points, the problem may be formulated in terms of a complex velocity 
potential, specifically the logarithm of a quotient of theta functions. 
The treatment is similar to Rosenhead’s treatment of the stability of 
a bounded Karman vortex street.^® The result so obtained is that the 
model is unstable for values of L/h < 1.416. No upper limit of L/h 
is determined. Although this is not as restrictive as Raylei^’s re- 
sult, the two are not mutually contradictory. Of course, the model 
used in this solution is very different from that of Raylei^. 

Another point of interest is the effect of the earth’s rotation upon 
the stability of the heated fluid layer. The author preserved the 
rotation terms in the ori^nal equations of motion, and obtained one 


“ tJber Integri^ale der hydrodynamischen Glelcbunsren welche den Wlrbelbe- 
weffungren entsprechen. Crelle Iv. 1858. ^ 

» Bosenbead, Phil. Trans. Roy. See. A. 288: 275. 1929. 
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eighth-order partial differential equation in w and a cubic in n. The 
net result of the earth’s rotation is to tend to prevent convective mo- 
tion, especially convective motion in cells elongated in the East-West 
direction. Moreover, rotation effects arc shown to be negligible in 


layers whose depth is less than about 



An explanation of the direction of the circulation in cells, predom- 
inantly up in the center of liquid cells and down in the middle of 
gaseous cells, seems desirable. The following mechanism is sugges- 
tive: It is readily seen that, in the case of infinite strips, the direction 
of circulation is a question without meaning, for then one cannot speak 
of the outside or inside of a cell. However, in the case of cells every- 
where bounded in the horizontal, there is clearly a center. A study 
of the fiow on the bottom, or top, surface layer indicates that the 
greatest fluid velocities will be nearer to the center than to the outer 
walls. However, the viscosity of the fluid, as affected by temperature, 
changes mostly at the edges of the cell, where the velocity is smallest. 
Therefore, the total frictional resistance of the fluid motion against 
the bottom will be predominantly affected by the viscosity of warm 
fluid if the motion is upwards in the center, or by the viscosity of cool 
fluid if the motion is down in the center. It is reasonable to suppose 
that the actual regime that will be established will be that in which the 
total frictional resistance is smallest. In a fluid where viscosity in- 
creases with temperature, the least total resistance occurs with down- 
ward central motion; in a fluid where the viscosity decreases with 
temperature, with upw'ard central motion. This, however, is known 
to be the general case for both gases and liquids. 


In conclusion, it may be worth while to indicate some problems which 
the present theory does not treat or explain: 

(1 ) the effect of variable eddy diffusivity and viscosity; 

(2) the effect of compressibility; 

(3) the effect of the earth’s rotation on the symmetry of cells; and 

(4) an explanation of why hexagonal cells predominate. 



INTERNAL WAVES IN THE ATMOSPHERE AND 
CONVECTION PATTERNS 

By B. Haurwitz 

Massachusetts Institute of Technology, Cambridge, Massachusetts 

INTRODUCTION 

Wave motion at a surface of discontinuity in the atmosphere may 
become visible in the form of cloud banks, if the vertical displacement 
of the air and its water vapor content are large enough to permit con- 
densation in the regions where the wave motion is ascending. Simi- 
larly, atmospheric convection patterns in cloud layers can be observed 
directly when the sky clears in the areas where the air descends, while 
clouds are observed in the regions of ascending motion. Since con- 
vection patterns are discussed elsewhere in this publication, attention 
will mainly be given here to the internal waves and their cloud pat- 
terns, with the ultimate purpose of showing that the two phenomena 
are closely related. 

Laboratory experiments with unstable fluids have shown that, with 
suitable vertical shear of the motion, polygonal cells, transverse vor- 
tices, crossed vortices, or longitudinal vortices may develop. In view 
of these results, the opinion has been expressed that long cloud rolls 
which are often observed and commonly referred to as billow clouds 
or mackerel sky, and which have largely been attributed to internal 
wave motion, may rather be such transverse or lon^tudinal vortices 
as observed in convection experiments. The direction of the cloud 
rolls in these experiments differs according to the experimental condi- 
tions. Similarly, the orientation of internal waves does not necessarily 
have to be normal to the wind shear, as will be discussed under the 
next heading, and it will be seen that a decision about the physical na- 
ture of the observed cloud rolls may not always be possible, even if 
wind observations are available. Hence, it is pertinent to point out 
that the theory of the internal waves gives wave lengths for the dis- 
tances between the cloud rolls which are in excellent agreement with 

* Present address: New York University, College of Engineering, New York, 
N. Y. 

( 727 ) 
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the observed values, as will be shown under the heading, The Wave 
Length of Internal Trai>es. 

A connection socnis to exist between the wave length of these intci-nal 
waves and Richardson’s stability criterion, thus suggesting a link be- 
tween tlie degree of atmospheric stability and the formation of the 
internal waves. 

Under the heading. Internal Waves of Finite Lateral Extent, it will 
be shown that intei-nal waves may appear not only as long cloud rolls, 
but also as other patterns, such as polygons or crossed vortices. It 
appears, thus, that convection patterns and internal waves are very 
closely related. In the former, the instability of the stratification 
would be most important, while in the formation of internal boundary 
waves the effect of the wind shear is predominant. However, in gen- 
eral, both these factors will be present in the atmosphere in varying 
degrees of intensity, so that all types of transition between the pure 
convection and wave patterns appear in the atmosphere. 

THE ORIENTATION OF INTERNAL WAVES 

As long as the winds on both sides of an internal boundary surface 
are in the same or in opposite directions, the wave crests and troughs 
will be normal to the wind direction. If the winds at the boundary 
make a different angle, the direction of the waves may form any angle 
with the prevailing wind direction. A. Wegener^ has discussed this 
matter geometrically, under the assumptions that the waves are per- 
pendicular to the wind shear and that the whole wave system moves 
with the speed of the mean wind vector. While these assumptions, a 
priori, are very plausible, it appears worth while to study their impli- 
cations in detail by mathematical analysis. For this purpose, arbi- 
trary winds will be assumed in both layers. ,Each layer will be con- 
sidered as homogeneous and incompressible, since the effect of com- 
pressibility does not affect the orientation of the waves. Both layers 
may further be regarded as infinitely deep, since, in the case of one 
layer of finite depth, Stokes’ formula for the velocity of waves in in- 
finitely deep water holds with an error of only one per cent, if 

h ^ 0.4L, 

where h is the depth, L the wave length. Since observed billow clouds 
have rarely a longer wave length than 2000 m., this condition will, as 
a rule, be satisfied. The effect of the earth’s rotation can be neg- 
lected in problems of this type, and the undisturbed air currents in 
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both layers will be regarded as constant. The undisturbed position of 
the internal surface of discontinuity may have the equation: 

z = 0. 

For the undisturbed motion, the following relation exists between 
pressure P, density p, and height z in the lower layer; 

P = const — grpz, (1) 

and an analogous equation for the upper layer where the appropriate 
quantities are distinguished from those for the lower layer by dashes. 
The equations for the superimposed wave motion are: 

— JL TI— A. V—— 

dt dx dy p dx 

— A. TJ — A.Tr— — _ -§S. 
di'^ ^ dx'^ dy~ pdy 

^^T/i^A-V— 

dt ^ dx'^ ^ dy ~ pdz 

dx'^ dy'^ dz~ 

and an analogous system of equations for the upper layer. Since the 
direction of the wave propagation may make an arbitrary angle with 
the x-direction, the solution of equations 2 may be assumed in the form: 

u = A exp [i(jtx + Sy — vt) + tz] 

V = B exp \jHjix + — vt) + 7«] 

w = C exp [z'(pa: + dy — vt) + yz] 

p = P exp [i{px + dy - vt) + yz], 

where A, B, C, D, p, 8, v, and y are constants. The solution is here 
written in the complex form, which is easier to handle than the real 
form, but either the real or the imaginary part alone satisfy equations 
2. The constant v is the frequency which is related to the period r 
by the equation: 


( 3 ) 


V — 




To interpret p and 8, let the argument of the periodicity factor at be; 
px + dy — vh = a, 

where a is an arbitrary constant denoting the phase. This last rela- 
tion may be written in the form: 




=iy 


O “|- vti 


= = 0 , 
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which shows that the phase at the time fi is the same along a straight 
line whose distance, dt, from the origin is (figtjbb 1) : 


di 


a “1“ vti 

'W+7' 


(4) 


while the angle a between di and the a;-axis is given by: 


cos a 



sin a = 


8 


(5) 



At the time ^o, the same phase is found along the straight line with the 
equation: 

which is parallel to the phase line at ti, while its distance from origin 

j _ a + >'^2 
(12 = / . = r * 

VS* + M* 

Hence, the wave velocity 

~ y 

“ h + Ai® ^ 

It is further easily seen that the wave length 

L = ^ 

/fi* + M* 

Substitution of equations 3 into 2 gives a system of four linear, homo- 
geneous equations for A, B, C, D. These constants are not all zero 
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only if the determinant vanishes. This condition leads to the relation: 

y = ± '\[W+~fK (7) 

Since the perturbation quantities can not become infinite at infinitely 
great distances from the internal boundary, it follows that, for the 
lower layer where 2^0, only the upper sign in equation 7 can be re- 
tained, while for the upper layer where 2 = 0^ only the lower sign 
can be valid. Using these values for y, A, B, D may be expressed by 
C, and A', B', D', by C\ Using now as an abbreviation 

7= + 

throughout, it follows that: 


u — i- C^* 

y 

. 5 ^ 

V = x- 

y 


w — Cef’ 

.V- ixU- 87 

P s= t ^ 

* Ay 


pCey^ 


u' 

y 

= -iic'e-r‘ 

y 

w' = 


( 8 ) 


y 


In these expressions, the periodicity factor, 

exp [i{nx + 8y - »'<)], 
has been omitted for the sake of brevity. 

At the internal boundary, the total, disturbed plus undisturbed 
pressure must be continuous. Hence, 

P - P' + pt- Po = -g(j> - p')z + 

.[v-pU- dV ^ , v-pU' - 87' I , 

17 7 J 

The subscript 0 afiBxed to p and p’ indicates that, for these quantities, 
the values of the undisturbed rather than the disturbed position may 
be used. In doing so, only an error of higher order will be incmred, 
since p and p' are perturbation quantities and since the deviation of 
the disturbed position of the boundary from the imdisturbed position 
is a small quantity. Equation 9 may also be written in the form: 

2 — = 0, (10) 


where 


Z = sy)pC +(v- l^U' - SV'}p'C' 

ffy(p - pO 

the amplitude of the internal boundary. Equation 10 shows the sinu- 
soidal character of the oscillating boundary surface. Equation 10 is 
of the form: 
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P+f=0, 

where F stands for the form of the boundary equation in the undis- 
turbed case, / for the contribution due to the perturbation. The 
kinematic boundary conditions, namely, that the motion in both layers 
at the boundary must be parallel to the boundary, can be written in 
the form: 



The subscript 0 aflBxed to w and w' indicates that in these quantities 
the values at the undisturbed boundary may be substituted, which 
again produces only an error of higher order. From the two equa- 
tions 12, it follows that: 

C=(y-nU - hY)Z (13) 

C = {v- nU' - SV')Z, 
and substituting equations 13 in 11, 

87)*p -I- (*- - nU' - BV'Yp' - g{p - p')y = 0. (14) 

The last equation may be divided by y® and wiitten, because of equa- 
tions 6 and 6, in the form: 

“(p — p') = (c — U C03 a — V sin «)®p 
y 

(c — U' cos a — V' sin a)y (15) 
If, in FIGURE 2, a represents the direction in which the wave ti-avels, /S 



Fioubb 2. Wind direction and wave propagation. 

the angle between the wind vector and the a:-axis, it will be seen that 

17 cos a -H 7 tin a 
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is the projection of the wind velocity on the direction of the wave 
velocity. 

It will now be shown that Wegener’s assumptions, namely, that the 
wave system moves with the speed of the mean wind and that it is 
normal to the wind shear, correspond to ejctreme values of the wave 
length L. Since 


7 

the right-hand side of equation 15 is proportional to the wave length. 
Hence, the wave length has an extreme value at constant a for that 
value of c for which 


|[^(p-»o]-0, (16) 

That is, when 


_ p(U cos a + T’’ sin a) + p'(U' cos a + V sin a) 

c — 


^ [y (P ~ j = 2(p + pO > 0, 

the wave length will be a minimum when equation 17 is satisfied. 
This fact has already been pointed out by A. Wegener.* 

If c is kept constant and a is regarded as variable, the condition for 
an extreme value becomes 

- P')j = 2p(c - UcoBa- 7sin«)(L^sina - Fcosa) 

+ 2p'(c — U' cos a — V' sin a) (U' sin a — V' cos a) = 0. (18) 
If the value of c from equation 17 is substituted into equation 18, this 
condition requires that either: 


V' - V 
~ U' -U' 


(19a) 


or 


tan a = 


U'-U 
V' - V 


(19b) 


According to eigube 3, in the case represented by equation 19a, the 
direction « normal to the wave crests is parallel to the wind shear, so 
that the wave crests themselves are normal to the wind shear, as as- 
sumed by Wegener. In equation 19b, the waves would be parallel to 
the wind shear, but it will be shown below that, in this case, the wave 
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length is zero. To decide whether equations 19a and 19b correspond 
to maxima or minima, equation 18 may be differentiated once more 
with respect to a. If the value for c from equation 17 is substituted 
in the second derivative, 



- 2-^ (cos* a - sin* «) [(17' - C7)* - (7' - 

p + p 


7)*]. (20) 


If the value for a in equation 19a is chosen, 

{U' - 17)* - (7' - 7)* 

cos a sm a — _ jjy 

so that the second derivative is negative, and equation 19a corre- 
sponds to a maximum value of L. With equation 19b, 

, . , (7'- 7)* - (U' - w • 

cos* a - sm* a + (jj> _ xj-f 


so that the second derivative is negative, and equation 19b corresponds 
to a minimum value of L. By substituting equations 17 and 19b in 
15, it is found that the wave length is zero, as mentioned above. Sub- 
stituting equation 17 in 15, the following expression is obtained for 
the wave length: 


^ = 7 (p + - ^) cos « + (7' - 7) sin «]* (20) 

If here the value of a from equation 19a is inserted, 



HAVRWITZ: INTERNAL WAVES AND CONVECTION PATTERNS 736 


2_ ; 

i - 7(F+7t^ <“> 

Equation 21 gives the value of L under the conditions that the first 
derivatives of L, as given by equation 15, with respect to c and a, 
vanish. Hence, in the vicinity of the values of c and a as given by 
EQUATIONS 17 and 19a, the value of L changes only slowly with c and 
a, so that EQUATIONS 20 will give a good approximation^ even for some- 
what different values of c and a. 

If the coordinate system is turned, so that the a:-axis coincides with 
the direction of the wind shear, a = 0 and from equation 20, 


27r 


^ = —T A. Z 7T (22) 

g (j> + p ){fi - pO ' ^ ' 

This formula requires corrections, because of the compressibility of 
the air, as will be discussed under the next heading. 

The foregoing discussion shows that the wave crests do not neces- 
sarily have to be perpendicular to the wind shear, although this orien- 
tation would appear, a priori, to be most plausible. Some measure- 
ments of the direction of wave crests have been made by Trey.® They 
are reproduced in table 1, together with the “computed” direction. 


T^LE 1 

Direction of Billow Clouds after Trey 


Date 

Direction 

Date 

Direction 

Observed 

Computed 


Observed 


Jan. 17, 1918 

Jan. 18, 1918 

Jan. 25, 1918 

90**-270^ 

75‘’-250‘’ 

140®-320® 

85‘’-265® 

79‘’-259‘» 

152®-^2® 

Feb. 1, 1918 
Feb. 3, 1918 

41°-220° 

48^-235° 

44‘*-224® 

55'’-235“ 


that is, the direction perpendicular to the wind shear. The an^es are 
reckoned from N (0°) over E (90°). The observations show that the 
wave crests are perpendicular to the wind shear as assumed in the 
theory of internal-boundary waves. Moreover, comparisons of ob- 
served with computed wave length, assuming this orientation, show 
good agreement (table 2, p, 738). However, it will be necessary to 
keep in mind that other orientations are at least theoretically possible 
and, if observed in the atmosphere, do not exclude the possibility of 
attributing such cloud systems to internal waves. 

It may finally be pointed out that, if the wave-system travels with 
the mean wind and is normal to the wind shear, the wave crests may 
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have any orientation with respect to the mean wind. The mean wind 
is given by eqtjatioit 17, where the wind in each layer is wei^ted by 
the density, but the densities in both layers are so nearly equal that 
that equation may be replaced with sufficient accuracy by the vector 
mean of the winds in both layers : 

V + V' 

2 

The different possible orientations of the wave systems are very clearly 
demonstrated by hgube 4 (after Wegener^). In this figure, 01 repre- 



Figxbf 4 Wa^e ci^ts and wind direction, schematic 

sents the wind in the lower layer, 02, 03, 04, 05 various values of the 
wind in the upper layer. The broken lines show the direction of the 
cloud systems for different 'vi'ind shears. The same orientation of the 
wave system thus can be pioduced by two different wind changes; for 
instance, by veering and increase in velocity, 01 and 02, or by backing 
and decrease, 01 and 05. In any given case where the wind on both 
sides of the boundary is known, the mean wind and the wind shear can 
easily be found by a simple geometric construction. An approximate 
value of the angle between the mean wind and the direction of the 
w’ave crest can also be obtained from figueb 5. Here, the abscissa is 
the ratio of the wind velocities, the ordinate is the angle between the 
wdnd directions, while the curves are lines of constant angle between 
the mean wind and the direction of the wave crests. 
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Fioxtrl 5 Angle beti;veen 'nave ciests and ^md direction 


Finally, the dynamic significance of equations 17 and 20 may briefly 
be mentioned. Equation 16 is a quadratic equation in c which may 
have real or complex roots, depending on the wave length and the dis- 
continuities of wind and density. Equation 20 gives the wave length 
at which the transition from stable to unstable wave lengths occurs. 
If the wave length is longer than as it is given in equation 20, the mo- 
tion is stable; if it is smaller, unstable. If the wave length is as given 
by equation 20, the quadratic equation has a double root, namely, 
that of EQUATION 17. In this case, one of the particular solutions of 
EQUATIONS 2 contains the factor t; that is, it increases linearly with 
time. Thus, the amplitudes of this type of internal waves increase 
with time, although the increase is only linear, not exponential as in 
the ordinary case of instability. 

THE WAVE LENGTH OF INTERNAL WAVES 

The discussion of the preceding section has shown that it is plausible 
that the wave crests are normal to the wind shear. Under these as- 
sumptions, and making allowance for the compressibility of the air, 
the following expression has been derived for the wave length*: 



( 23 ) 
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Here A?7 is the difference between the wind components normal to 
the wave crests on both sides of the boundary. T and T' are the ab- 
solute temperatures on both sides of the boundary, e is the lapse rate 
in the atmosphere, i is fJie adiabatic lapse rate. If the lapse rates in 
the two layers are different, equatton 23 becomes more complicated, 
but the appropriate formula need not be reproduced here. Equation 
23 has been derived under the assumption that the changes of pressure 
and temperature connected with the wave motion are dry-adiabatic. If 
condensation occurs, the moist-adiabatic lapse rate should be substi- 
tuted for i. 

If the existing lapse rate in the atmosphere is equal to the adiabatic, 
EQUATION 23 is reduced to : 

(23a) 

which holds also in the incompressible case, when the density in equa- 
tion 22 is replaced by the temperature. Thus, in the case of an 
autobarotropic fluid, the wave length becomes inflnite, if the tempera- 
ture difference between the two layers vanishes. However, if the 
stable stratiflcation of the air is taken into account, the wave length 
remains finite, even if the temperature discontinuity vanishes. Dia- 
grams have been constructed for different lapse rates which permit 
one to read off directly the wave length for given temperature and wind 
discontinuities.® In table 2, some cases of internal waves, observed 


Tabls 2 

Wave Length of Internal Waves 


Date 

r 

1 * 

AU 

L observed 

L computed 

Feb. 17, 1894 

2 e'C 

? 

14 8m/sec 



Deo. 6, 1905* 

2 2 

? 

10 4 

1600 


Feb. 12, 1906 

1 0 

? 

4 0 


601 

Feb. 19, 1906 

3 7 

? 

3 0 

175 

196 

Feb. 3, 1910 

4 6 

? 

6 7 


1360 

Jan. 17, 1918* 

4 2 

0 6** C/lOOm 

5 5 


645 

Jan. 18, 1918* 

0 4 

0 6 

6 0 


1510 

Jan. 21, 1918 

0 1 

0 

6 0 



May 17, 1931* 

0 

0 5 

6.0 

1135 

1030 

Dec. 28, 1932 

3 2 

? 

6 8 




* The four da^s on which billow clouds were formed aie indicated by aateiisks 


either as billow clouds or in records of meteorological elements, are 
compiled to show the agreement between theory and observations. 
The four days on which billow clouds were formed are indicated by 
asterisks. 
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The agreement between the computed and observed wave lengths is, 
in general, very good, especially in view of the fact that the observed 
wave lengths and the values of lapse rate of temperature and of tem- 
perature and wind discontinuity are subject to observational errors. 
Moreover, in the majority of observations, the lapse rates of tempera- 
ture are_ not known (as indicated in table 2 by question marks) , be- 
cause these were originally not considered important in the theory of 
billow clouds. In these cases, it has been assumed that the layers 
were isothermal. If a finite lapse rate is assumed, the computed wave 
length increases, leading in many cases to an improvement in the 
agreement between computed and observed wave lengths. 

The observations cited in table 2 do not all refer to billow clouds. 
In some of the cases, condensation did not occur, and the existence of 
internal waves manifested itself only on the recording instruments. 
Nevertheless, the good agreement between theory and observations 
shows that internal waves of the type discussed here do occur, and the 
cases of actual billow clouds in the table demonstrate that their forma- 
tion is due to internal waves. 

In connection with equation 23, a suggestive connection between the 
wave length and Richardson’s number may be mentioned, which was 
pointed out by Lettau.* Richardson has called attention to the signifi- 
cance of the dimensionless quantity 


Ri = 



(6 = potential temperature) 


in the study of atmospheric turbulence. It depends on the ratio of 
the stabilizing effect of stratification, as represented by the lapse rate 
of potential temperature to the destabilizing effect of the work of the 


eddy stresses which is proportional to 



Since 


1 ^ 

e dz 


|;(i-e), 



(24) 


On tlie other hand, if there is no temperature discontinuity at the 
boundary, T = T', equation 23 becomes 
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Hence, 


L = 


yfa Va- 


6 


(AVy 


(25) 

(26) 


This expression is veiy similar to the Richardson number, the only 
difference being that, in the denominator on the right-hand side, the 
wind discontinuity appears instead of the wind shear, so that the di- 
mensions are not the same. This difference arises because, in the deri- 
vation of EQUATION 23, a sharp wind discontinuity was assumed, rather 
than a gradual wind change. A study of the effect of a gradual wind 
change on the dynamics of internal waves was undertaken by Sekera,® 
but his results do not lend themselves readily to an application in this 
connection. Since the turbulence should increase with smaller values 
of the Richardson number, it might be interesting in view of equation 
26 to see whether turbulence is larger with larger wave lengths than 
with smaller ones. However, as stated previously, this matter is merely 
offered as a suggestion, and will not be further considered here. 


INTERNAL WAVES OF FINITE LATERAL EXTENT 

Convective patterns can appear as extended cloud rolls or as polygo- 
nal patterns, while the cloud forms associated with the internal waves 
discussed so far must always be cloud rolls. However, it will now be 
shown that waves are also possible whose appearance resembles closely 
the polygonal patterns of convection cells. The equations governing 
the motion are the same as equations 2, except that it may now be 
assumed, in view of the results of the section on The Orientation of In- 
ternal Waves, lhat the aj-axis is turned in the direction of the wind 
shear vector, so that only U needs to be considei’cd, while V may be 
made equal to zero. The compressibility of the air is again neglected, 
since it produces no changes in the general type of wave pattern. The 
solution of this system of differential equations may be assumed in 
the form: 

M = A sin (ju* — vt) cos 6y s’" 

V = B cos (nx — vt) sin 5y e’'* 
w = C cos (/ix — vt) cos Sj/ ^ 

p = D sm. (jix — vt) cos dy 

The letters have here the same meaning as before. The form of the 
solutions shows that waves are assumed which travel with the speed 
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v/fi. in tlie a:-dii’ection, and have the wave length 


The distance be- 


tween two maxima or two minima in the y-direction is 


A com- 


putation similar to that carried out in the section on Orientation leads 
to the following expressions for the perturbation velocities and the per- 
turbation pressure in each layer (upper layer indicated by dashes) : 

w = - (v — fiU)Z sin (nx — vt) cos by 

y 

t) = - (v — iiU)Z cos (jjlx — vt) sin by ef>'* 
w = —{v — uTTjZ cos (jix — vt) cos by 

(»' - ,7 / .N .V. 


V = P 


•Z sin iiix — vt) cos by s’" 


tt' = — - (p — nU')Z sin (jjx — vt) cos by e~^‘ 

y 

a' = (p — nll')Z cos (jiia: — vt) sin by e"^* 

y 

w' = — (p — pJJ')Z cos (au: — pi) cos Sy e”’" 

(p — uU')^ 

p' = —p' ^ — - Z sin (jix — vt) cos 5y e~^* 

where 

7 = + V/** + 5® 

and Z is the amplitude of the oscillating boundary, 

2 ^-7wr — <“> 

The equation of the oscillating boundary is: 

2 — Z cos 5y sin (au; — pt) *= 0. (30) 

The relation between the wave velocity c and the parameter y is the 
same as in equation 15, except that now a = 0. In view of the dis- 
cussion of the section on Orientation, the velocity of the wave system 
may again be made equal to the mean velocity of both layers: 

. PU + P'U' 

® „ _L 

P + P 

Hence, 

, 2ir pp'jU' - ITf II _ r P 

(7 (p + p')(p-p')V;?Tl^ 

where Loo represents the wave length in the case of infinite lateral ex- 
tent of the waves, 8 = 0. It follows tliat: 
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where A is the “width” of the waves, that is, the distance from maxi- 
mum to maximum. Equation 33 shows that the wave length in the 
case of finite lateral extent is smaller than when A = oo . In the 
special case that L = A, for instance, which corresponds most closely 
to the polygonal convection patterns, the reduction in wave length 
would be about 30 per cent. In case the assumption of a finite lateral 
extent of the wave patterns seems arbitrary, it may only be mentioned 
here that even a casual observation of the sea surface in motion shows 
such waves, rather than waves with very extended troughs and crests. 

The actual magnitude of the wave motion depends on the amplitude 
of the oscillating sui'face Z, which takes the part of the arbitrary in- 
tegration constant and can therefore not be determined by the fore- 
going calculations. The maximum displacement of a fiuid particle 
from its equilibrium position in the direction of the coordinate axes is 
proportional to the velocity component in this direction, as can easily 
be shown. From equation 28, it follows that the ratios of the maximum 
displacements at the boundary in the direction of the different axes are: 

U^max I W max 

Umax ~ y A® ~ U'max 

_ n , A® _ 

IW ^ L^~ y maxi 

|ginttx ^ 

jUniax A U ixtaxi 

Because of the phase difference between the velocity components, the 
maxima of the velocity components do not all occur at the same point. 
The ratio of the horizontal displacements is inversely proportional to 
the cell dimensions, as would be expected. The ratio of the vertical to 
the total horizontal displacement, 



that is, the maximum displacement in vertical direction is equal to 
that in hoiizontal direction. This result will, of course, be modified 
in the case of inhomogeneous, compressible fluid layers, when the 
maximum vertical displacements may be larger or smaller than the 
horizontal ones, depending on the stability of stratification. These 
modifications will not be discussed in detail here, because it is only 
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desired to show that, with internal waves, patterns similar to convec- 
tion patterns may be produced. 

CONCLUSIONS 

• The foregoing discussion may be summarized in the following man- 
ner; 

1. Internal waves may make any angle with the mean wind direc- 
tion, and need not be normal to the wind shear at the surface of discon- 
tinuity, altlrough this seems, in general, to be true. This direction 
appears to be preferred, as indicated by those cases where observations 
of the wind shear and of the direction of the wave crests are available. 
Furthermore, wave lengths computed under this assumption agree well 
with the observed wave lengths. It is, however, compatible with the 
theory of internal waves that tlie angle between wind shear and waves 
is less than 90°. In this case, the wave length becomes smaller and 
smaller, until it vanishes when wind shear and wave direction coincide. 
In the case of experiments with convection patterns, cloud rolls parallel 
to the wind shear have been observed, and it would be interesting to 
'See if such forms parallel to the wind shear do occur in atmospheric 
convection patterns, because these forms apparently cannot be inter- 
preted as internal waves. 

2. Patterns of a cellular, polygonal form may also be produced by 
internal waves. For this case, no observational data are available to 
check the observed dimensions of the cloud patterns with the theo- 
retical ones, a deficiency which the theory of internal waves of limited 
lateral extent shares with the theory of convection patterns, for which, 
at present, no quantitative observational checks are available. 

These results show that there is a far-reaching analogy between the 
patterns produced by internal waves and by convection in cloud 
layers. In order to demonstrate this analogy further, it would be de- 
sirable to have observational data, of the same type as for billow 
clouds, for the dimensions of cloud layers of polygonal structure also, 
in order to see whether the theory of internal waves will give the ri^t 
dimensions. If such data are obtained, it will be necessary to use for- 
mulae which take the compressibility of the air into account, instead 
of the much simpler formulae for an incompressible, homogeneous 
medium ^ven in the foregoing section. It is pertinent to mention 
here that, for the development of internal waves in a compressible 
medium, the existence of a sharp boundary is not necessary, but that, 
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even with gradual changes of the density and wind velocity with ele- 
vation, internal waves ai’c possible. On the other hand, when convec- 
tion starts in an unstable cloud layer, the ensuing motion must satisfy 
the hydrodynamic equations, just as the wave motion does. It is, of 
course, possible and, indeed, likely that such convective motion reaches 
larger vertical dimensions tlian the internal wave motions described 
here. In particular, the convective motion may not have the sinusoidal 
shape assumed for the wave motions considered here. However, even 
for internal waves, Helmholtz and Wien have already considered the 
possibility that the actual shape of the waves may not be sinusoidal 
when the wave motion is no longer very snoall. It thus appears very 
likely that convective patterns and wave patterns are closely related 
and are, indeed, largely one and the same phenomenon. It may be 
possible to distinguish, somewhat arbitrarily, between the two types of 
motion, according to the predominant cause of their ori^: viz., in- 
stability of the atmospheric stratification or wind shear. However, 
such a distinction would not be sharp, except in the two extreme cases 
of complete absence of wind shear or of complete absence of convective 
activity. In these two special cases, it would be possible to speak of 
purely convective or wave patterns, respectively, but it is evident that, 
in the atmosphere, both factors will mostly be active in varying de- 
grees of relative intensity, so that all transitions between the two ex- 
treme types may occur. 
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DISCUSSION OF THE PAPER 

Dr. A. J. Abdullah {Massachusetts Institute of Technology, Cambridge, Massor 
ckusetts) : 

BILLOW GROUPS 

Professor Haurwitz, in treating the case of billow clouds, gave an interestmg 
solution for the direction of individual clouds. In his treatment, the assumption 
was made that the waves which are ptopagaled at the surface of discontinuity are 
sinusoidal in i^ape, and that these waves occur in an individual manner. Thus, 
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no interference was assumed to take place between two or more trains of waves. 

It is a fact, however, that the waves which occur are, m reality, not ijurely sinus- 
oidal, and that, on the same surface, more than one individual train of waves 
may be propagated at the same time. Thus, one has to accoimt for the inter- 
ference which takes place between the different trains. In order to do this, use 
may be made of the theory of group-velocity, which is based on the assumption 
that a finite or infimte number of sinusoidal trains of waves interfere to give a 
compound wave. This compound wave is what is usually observed, and not its 
components. By making use of Fourier’s theorem, one can express the genei^ 
shape of any compound wave in terms of simple sinuous waves. However, in 
our present problem, we are more interested in the velocity of propagation of 
the compound wave than in its shape, so that our problem is much simplified. 

The velocity of props^ation of a group of waves could be found from the for- 
mula of the group-velocity, which was first derived by Rayleigh. This formula is: 

* dm 


where TF is the group-velocity, m is the wave number given by where L is 


the wave-length, and V is the velocity of the simple sinusoidal waves from which 
the ^oup is formed. In modem physics, this latter velocity is called the ‘'phase- 
velocity,” and this nomenclature will be used here. The term “wave velocity* wDl 
be reserved for the general case of any wave. 

We shall now discuss wave motion at the common surface between two in- 
compressible fluids. The first is assumed to have a density p', and to be movinyg 
with a velocity C/' over the second fluid whose density is p and whose velocity is 
U, assumed to be in the same direction. Both fluids are assumed to be unlimited 
in depth. The rotation and ^hencity of the earth may be neglected. 

Taking the a>-axis in the direction of motion and in the undisturbed common 
surface, and the z-axis vertically upwards, Lamb finds for the velocity potentials 
of the perturbation motion: 


and for the displacement : 



m*) 

g'g— OT*+ i(n t—mx) 


}■ 




He also finds for the variable part of the pressure: 

p dt dx 


gz. 


( 2 ) 

(3) 

(4) 


The phase-velocity as derived from these equations, is: 

V — ^ j- P ~ P’ _ PP' 

p -+■ p' \m p + p' (p + p')* 





(5) 


or: 


where 


7 = a ± 


\9l_ 
\ m 


a = 


/5 = 


r = 


pv + p'v' 

P + P' 

P — p' 

P + p' 
Pp' 

(p + pO* 


(Ai;)* 


( 6 ) 


( 7 ) 
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The double siga shows that the waves can travel in the positive direction of the 
j-axis, as well as in the negative direction. Taking the positive sign and substi- 
tuting in EQUATION 1, we obtain for the group-velocity of these waves; 


W 


y 

2m V — oi 


( 8 ) 


In EQUATION 6, the radical is positive for real values of V, and thus, 

V> a. 


In EQUATION 8, therefore, since 7 — a > 0, and jS > 0, if the stratification is 
stable, 

w <v. 


Hence, we find that the group-velocity is less than the phase-velocity. Thus, if 
attention be fixed on a particular wave, it is seen to advance through the group, 
gradually dying away as it approaches its anterior limit, whilst its former place in 
the group is occupied by other waves which appear to come forward from outside 
the group. 

Returning now to equation 8, we see that, when the group is stationary, we 
may write ; 

T7 = 0, 


and EQUATION 8 becomes: 


V. 


gp 1 

2m V, — a 


= 0 . 


( 9 ) 


Solving for V», we find : 



( 10 ) 


Now iS > 0, therefore 





and if 
Taking 
we see that: 


VjV' > 0, a > 0. 

a « I (» + v'), 


and considering the positive sign of F*, we obtain : 

7. > i (u -h O- 

This shows that when the group as a whole is stationary, the individual waves 
travel with a velocity which is greater than the mean velocity of the two currents 
above and below the common surface. 

Taking the negative sign of the radical of equation 10, we see that: 

y. < 0. 

Thus, the individufd waves may travel in the negative direction with velocities 
which m^ vary within wide limits, depending upon the absolute value of the 
radical. It is seen, also, that the value of decreases as ^ decreases: as 

P — p' decreases. And when 

P = p' 

and jd = 0, 

F.-O, 
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which means that not only the group will be stationa^ but the individual waves 
will also be stationary. This result is almost self-evident, since, from equation 
1, if y = 0, W = 0. 

Going back to equation 9, and substituting the value of V from equation 10, 
taking the positive sign only, we obtain : 

Ar(r + ot^)7n- — Agfiir + or) m + == 0, 

from which : 

X. f f’' ,■ (11) 

When V —V' — 0, we find that : 


Equations 11 and 12 give the wave-length of the stationary group of waves in 
which the billow clouds may form. 

Introducing temperature instead of density, and since 




EQUATIONS 7 become : 


Tv + Tv' 
T+T 


o _ 

P rpi _j_ ji 


mm/ 

{T + T')^ 


Equation 11 »ves two possible values for the wave-lengths, one corresponding 
to each sign. By taking the positive sig^ and computir^ the wave-leii^s, we 
obtain values of the same order of magnitude as those given by Haurwitz. But 
by taking the negative sign, we obtain values which are greater than these by a 
factor of the order 10-100, The positive sign of the i-adical makes X, = a 0 when 
r = 0, and therefore it does not represent the length of the group. This is in 
agreement with our ideas of the group-velocity, since we expect to find some long 
waves corresponding to the group as a whole, over which is superposed the shorter 
wave-length of the individual waves. Hence, the general appearance of the 
clouds should be a more or less continuous deck of clouds extending over a wide 
area, in which individual billow clouds can be recognized as regions of thicker 
clouds, separated by regions of thinner clouds through which blue sky may or may 
not be visible. 

The whole deck of clouds which forms in this way may be called the “billow- 
group,” as distinct from the individual billow clouds which constitute the 
group. The billow-groups should be separated from each other by compara- 
tively wide areas of more or less clear skies. This follows from the fact that the 
groups of waves are separated from each other by regions of almost undisturbed 
medium. 

It might be noted that equation 10 shows that, in the case of billow-group for- 
mation, the individual billow clouds should have a small velocity relative to the 
billow group, a velocity which may be in the direction of the winds or in the op- 
posite direction. The individual billow clouds will then appear to form at the 
limit of the billow-group and travel slowly in the group, developing as they 
approach the center and dissipating gradually as they approach the other limit, 
where they completely disappear. 

Considering the rate of transmission of energy, in connection with billow- 
group formation, it can easily be shown that energy is transmitted at the same 



748 


ANNALS NEW YORK ACADEMY OF SCIENCES 


rate as tlie group-velocity. This shows that the centers of the billow-groups are 
also the centers of activity. Thus, the centers of these groups will also be the 
centers of turbulence and the centers of maximum precipitation, if any. This 
theory also explains the periodicity of showers and the periodicity of ceiling 
fluctuations, the periods of which may be lai^e. 

The following table gives the values for the wave-lengths of the billow-groups, 
corresponding to some of the cases considered by Haurwitz. In computing this 
table, the following values were assumed : T = 270* C., and v' = lOm/sec. 


Table 1 


Arc. 

m/sec. 

Cloud m 

X. 

Group m 

2.6 

14.8 

6800* 

148000 

■ 1.0 

4.0 

1380 

210000 

4.6 

6.7 

1690 

460000 

0.0 

6.0 

00 

00 


* The third column was taken from Haurwitz. 





CONVECTIVE MOTION IN AIR OVER THE SEA* 


By a. H. Woodcock and Jeffbibs Wyman 

Woods Hole Oceanographic Institution, f Woods Hole, Massachusetts 

INTRODUCTION 

It has long been known that, when a confined sheet of fluid is heated 
from below, it becomes unstable and there develops in it a systematic 
pattern of circulation. The classical experiments of Benard,^ per- 
formed nearly 60 years ago, deal with liquids. Benard found that, 
if a thin layer of liquid, usually free at its upper surface, is heated 
uniformly at the lower surface, there sets in a regime of polygonal 
convection cells as soon as a certain critical temperature gradient is 
reached. The walls of these cells are vertical, and the movement of 
the liquid is upward in the center and downward at the periphery. 
At first, the pattern is somewhat irregular, the polygons formed by a 
horizontal section through the cells being of different sizes and the 
number of sides varying from 4 to 7. After a period of time, however, 
ranging from one or two seconds to many minutes, depending on the 
viscosity of the liquid, a much more regular condition is established, 
in which the polygons approach regular hexagons. The relative di- 
mensions of the cells vary somewhat with the conditions of the experi- 
ment, but the ratio of the length of the side of a hexagon to the cell 
hei^t, i.6., the thickness of the layer, is in the nei^borhood of 2. 
Estimates of the velocities involved were made on the basis of observa- 
tions of minute suspended particles. These showed that the hori- 
zontal components of the motion are along radii from the centers of 
the hexagons, and that the downward vertical motion is a maximum 
along the edges common to three adjacent cells, represented in hori- 
zontal section by the vertices of the hexagons. When the liquid is 
subjected to shear, as a result of horizontal motion, the vertical cells 
are replaced by horizontal strips, or double rolls, with axes parallel to 
the direction of shear. 

• This work represents one of the results Of research carried out by the Woods 
Hole Oceanographic Institution, under contracts with the Bureau of Ships, Navy 
Department. 

t Contribution No. 356. 

^Benard, K. Rev. G6n. Sci, 11: 1261. 1900; Rev. GOn. Sci. 11: 1309. 1900; Ann. 
Chim. & Phys. 23: 62. 1901. 

( 749 ) 
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A number of similar experiments have been performed with air, in 
which the motions were made visible by the introduction of smoke.^’ ^ 
In these experiments, the layer was necessarily confined by a rigid 
boundaiy both above and below — ^usually a sheet of glass at the upper 
surface, in order to permit observation. The same phenomena of 
hexagonal cells and longitudinal strips or rolls were observed. Esti- 
mates of the dimensions of the cells were only approximate, but the 
relative dimensions appear to be much the same as in the case of liquids. 
The principal difference between the two cases is that the motions ap- 
pear to be reversed in direction; that is, whereas in the liquid cells 
the upward movement occurs at the center, in the air cells it occurs 
at the periphery. The transition from hexagonal cells to strips, as 
a result of shear, occurs more readily when the shear is perpendicular 
than when it is parallel to a set of sides of the hexagons. The critical 
temperature gradient at which convection cells develop increases 
rapidly as the layer becomes thinner, down to a thickness of about 
1 cm. Thereafter, as the layer becomes still thinner, the critical 
gradient becomes less again.^ 

Several theoretical treatments**^"® of these phenomena have been 
given, and they are discussed in detail elsew^here in this publication.® 
All of these are based on a common point of view, originating with Lord 
Rayleigh. This may be stated as follows. When a system falls 
away from a condition of unstable equilibrium, it will do so in a pre- 
ferred manner. To determine this manner, suppose that the system 
is subjected to a slight disturbance, characterized by a particular pat- 
tern of small displacements of the various physical quantities from 
their original values. Then, at any subsequent time t, each displace- 
ment may be assumed to be equal to its initial value multiplied by 6”*. 
The value of n is a function of the physical quantities involved and 
of the parameters characterizing the particular pattern of the dis- 
turbance, the exact functional relationship being derivable from the 
fundamental equations governing the behavior of the system. If n, 
being real, is positive, the disturbance increases, but if it is negative, 
the disturbance dies away.* If we consider a set of possible disturb- 

• There Is, of course, the possibility that n may be Imagrinary or complex. This 
would correspond to oscillatory motion. In the type of problem under considera- 
tion, however, it can be shown that, when n is complex, the real part is negative, 
so that any oscillatory motion will gradually die away. (See Pellew ft Soutb.- 
well.^) 

*lEal, S. Beitr. Phys. Frelen Atmosphere 17-18: 40-68. 1930-32. 

sOxaliam, A, Phil. Trans. Roy. Soe. A 232: 285. 1932. 

< Chandra, K. Proc. Roy. Soc. London A 164: 231-242. 1938. 

s&i^lelglL, 0*. Vr, S., Xrf>xd. Proc. Roy. Soc. London A 22: 529. 1916. 

Jeffreys, S. Phil. Mag. 2: 833. 1926. Proc. Roy. Soc. London A 118: 195. 

A. IBL Proc. Roy. Soc. London A 125: ISO. 1929; Proc. Third Interna- 
tional Congress for Applied Mechanics, Stockholm. 1930, 

‘Pellew, Ah ft B. V. Mnihwell. Proc. Roy. Soc. London A 176: 312. 1940. 

^StomniAL, H. Ann. N. T. Acad. Sci. 48 (8): 716-726. 
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ances, then that one among them for which » is a maximum will be 
preferred, and the system will fall away from equilibrium in the corre- 
sponding manner. The problem of determining the behavior of the 
system thus reduces itself to investigating the conditions for which n 
is a maximum and determining that value. These conditions will in- 
volve the various physical quantities characterizing the system in its 
original condition and the parameters defining the pattern of the 
assumed type of disturbance. The limiting condition of stability 
will be realized when the relation between the various physical quan- 
tities is such that n is just equal to zero for the preferred disturbance, 
that is, when the value of n, maximized with respect to the parameters 
defining the disturbance, vanishes. Since the v a nish in g of n means 
that all time variations disappear, this limiting condition will repre- 
sent a steady state in which the disturbance just maintains itself, as in 
steady convective motion. It will define a critical relation among 
the physical quantities involved, as well as determine the pattern of 
the preferred disturbance, e.g., the relative dimensions of the cells in the 
convection problem. It should be realized that the procedure just 
outlined presupposes a cellular type of disturbance, and demands 
somewhat arbitrary assumptions as to the character of pattern, that 
is, as to the form of the solution of the fundamental governing 
equations. 

Rayleigh, in common with all the others who have worked on the 
problem, assumes that the fluid is incompressible and that variations 
of density associated with variations of temperature are negligible, 
except in so far as they affect the action of gravity. In addition to 
this, he supposes that the two horizontal boundaries at the top and 
bottom of the layer are free surfaces where there is no restriction to 
tangential motion, although the temperature is maintained constant. 
Then, in the interest of mathematical simplicity, he assumes that the 
cells are rectangular in horizontal section. On this basis, he obtains 
as the condition for stability: « 

h*Sy _ 277r* 

'W~ 4 ’ 

where h is the thickness of the layer, p is the thermal gradient, y is 
the acceleration of gravity multiplied by the coefiScient of thermal ex- 
pansion, K is the coeflScient of thermal diffusivity, and v is the kine- 
matic viscosity. He shows, also, that the preferred shape of the cell 
is that for which: 

_L . J L 
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where Li and are the lengths of the sides. It is noteworthy that 
the shape of the cells is independent of their thickness and of any 
of the other physical variables characterizing the system. Rayleigh 
gives, in addition, an approximate treatment of the case of hexagonal 
cells, but this case was first treated rigorously by Pellew and 
Southwell.® 

Using the same approach as Rayleigh, Pellew and Southwell give a 
more general solution of the fundamental equations, without com- 
mitting themselves to any particular shape of cell. They consider 
three different boundary conditions, in all of which the temperature 
is supposed to be maintained constant at the top and bottom of the 
layer: (a) two free surfaces, as considered by Rayleigh; (b) two rigid 
surfaces, at which all velocities are zero; and (c) one rigid and one 
free surface. For Case a, the limiting condition for stability is the 
same as that given by Raylei^; for Case b, the number 27irV4 is 
replaced by 1707.8; for Case c, it is replaced by 1100.7. It is striking 
that these numbers are independent of the type of cell, t.e., whether 
square, triangular, or hexagonal. Having arrived at their general 
condition, Pellew and Southwell were able to derive the relative di- 
mensions of the preferred cells for the case of hexagons as well as 
rectangles, and to give velocity contours within the cell. It is re- 
markable that, as with Rayleigh’s more limited results, these dimen- 
sions were found to depend only on the boundary conditions, t.e., 
whether free or rigid, and not at all on the thickness of the layer or 
the values of the various physical quantities. A summary of the 
numerical results is given by Stommel. 

In comparing these theoretical results with the experimental find- 
ings, it will be seen that both agree that cell dimensions are independent 
of the values of the physical variables. In addition to this, the shape 
of the hexagonal cells studied by Benard, for which L/h = 2, L being 
the length of a side, is nearly the same as that calculated by Pellew 
and Southwell for Case a, where L/Ji = 1.9. It is, however, appreci- 
ably greater than that for Case c (where L/h = 1.6) , which would 
appear to correspond more closely to the ex?)erimental conditions. 
Now, consider the agreement as regards the limiting conditions of 
stability. According to theory, for given values of the other physical 
variables, the critical value of the thermal gradient should be in- 
versely proportional to the fourth power of the thickness of the 
layer. This has, in a general way, been confirmed by Chandra* in 
his experiments on air, for thicknesses down to about 1 cm. Below 
1 cm., the law no longer seems to hold and the gradient actually in- 
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creases with thickness, as already pointed out. Both theory and ex- 
periment agree, however, that in thick layers, such as those encoun- 
tered in oceanography and meteorology, the critical value of the 
thermal gradient (or, in the case of compressible fluids, the gradient 
of potential temperature) should decrease very rapidly to zero, as the 
layer becomes thicker. In respect to the distribution of velocities, 
there is also general agreement between theory and experiment, as is 
brought out by figxjbe 1. 

There are many observations pointing to the occurrence on a large 
scale, under natural conditions, of convective motion similar to that 
just discussed, both in the air and in the sea. Brunt,” Walker,^' 
and others have pointed out the similarity of various cloud forms to 
the patterns observed with the aid of smoke, in a confined sheet of air, 
under experimental conditions. MaP has explained the configurations 
of many upper clouds on the basis of convection cells caused by radiant 
heating of the lower surface and cooling of the upper surface, or by 
vertical displacement of nearly saturated air layers. Measurements 
showed that patterned cloud layers were thermally unstable, whereas 
uniform layers were stable. When the wind shear was low, polygonal 
cloud patterns prevailed, but, with high wind shear, the clouds were 
formed into strips. Durst,”’ “ in a study of wind gusts, found evi- 
dence of convective circulations of a patterned nature, in the lower 
air over “open country.” In studying clouds, he found that the dis- 
tance between roll clouds lying parallel to the wind was about twice 
the height of the tops of the clouds, and that, with the cellular type 
of pattern, the diameter of the cells was about 3 % times their height. 
Durst” also examined guslaness measurements along coasts, and found 
some evidence of large-scale convective circulations over the sea. 

An analysis, by Woodcock,” of soaring fli^t routines of herring 
gulls over the open ocean has revealed varying forms of ascending 
currents in unstable air. These currents are associated with specific 
thermal and flow relationships between the sea and air. In surface 
winds below 7 m/sec., these ascending currents appear to be columnar. 
In stronger winds, 7 to 13 m/sec., the rising air forms into long strips or 
bands, which are oriented with their long axis parallel to the wind. 
Thus, the changes in soaring performance of the gulls seem to indicate 

»Bximt,9. Nature l«ls 712-716. 1938. 

“ Walker, O. T. J. Roy. Aero. Soc. 37! 667-680. 1933, 

» Surat, 0. 8. The structure of wind over level country. Met. Off. Geopnys. 

' Notes" on the variations in the structure of winds over different 
surfaces. Quart. J. Met, Soc. 59: 361. 1933. t n*- « 

Woodcocks Ae H. Convection and soaring over the open ocean. J. Marine 
Res. 3 (3): 248-253. 1940. 
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Figuu 1. VerfcicfQ velocity contours m a horizontal plane. Upper diagram, A, shows ezperi> 
mental curves obtained bv Benurd^^ for liquids. Lover diagram, B, shows theoretical curves 
calculated by Fellow B flotitlLWdl.s 
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a modification of the convective pattern from something similar to the 
polygonal type, at lower wind speeds, to the roll type, at higher speeds. 
With higher winds ( > 13 m/sec.) , no free soaring was seen, even when 
the sea temperature exceeded that of the air by 10° C. This seemed 
to indicate that, in these cases, the vertical distribution of unstable 
air was taking place through random turbulent motion. When the 
sea surface was colder than the air, there was never any free soaring 
of the gulls. 

The present paper gives an account of observations bearing on the 
problem of convective motion in the air over the sea which were made 
in the course of operational tests on smoke screens carried out by the 
United States Navy.* These tests provided an unusual opportunity 
to study the motion of smoke liberated on a large scale, under a variety 
of natural conditions. Apart from the possible effects of any heat 
produced by the source, the movement of smoke should represent the 
inherent movement of the air in which it is liberated, and the configura- 
tion which a smoke plume assumes should reflect any existing pattern 
of circulation in the passing air, its precise form depending on the 
point of release of the smoke in that pattern. The discussion which 
follows falls under two heading. The first deals with observations 
which may be interpreted in terms of the polygonal t 3 T)e of convection 
cell. It is subdivided into sections dealing with lateral and vertical 
displacements of the smoke. The second part deals with phenomena 
associated with a particular banded appearance of the sea surface 
observed in the Gulf of Panama, which may be explained in terms of 
elongated convection cells, or internal waves. 

EVIDENCE FOR POLYGONAL CONVECTION CELLS 
Lateral Displacement of Smoke 

Plates 1 and 2 show some interesting cases of lateral displacement 
in smoke released from a stationary source at sea. In plate l{i), 
there are changes in the direction of the axis from one portion of the 
smoke plume to another of as much as 47°, although, within the hour 
prior to the production of this screen, the surface wind fluctuated by 
no more than 5°. Other evidence of changes in the screen axis, in 
the absence of significant changes of wind direction, is provided by 
PLATE 1 (ii) , v/hich was taken 15 minutes after plate 1 (i) . The two 
plumes shown in this illustration were released 60 m. apart, the bearing 
between the source craft being normal to the wind. Large lateral 


Except when otherwise Indicated, the smoke used in tests described in this paper was oil fog. 



766 


ANNALS NEW YORK ACADEMY OF SCIENCES 


digressions in one of the adjacent plumes showed no counterpart what- 
soever in the other. If the angular digressions of the smoke from the 
mean downwind line were due entirely to changes in wind direction, 
one would expect the two plumes to be everywhere parallel. Since 
this was not the case, it becomes necessary to seek some other explana- 
tion for the lateral motion. If it is assumed that a system of convec- 
tion cells, such as is illustrated in figtibb 2, already existed in the air 
as it moved past the stationary source, then these displacements be- 
come intelligible. For instance, let us assume that the air moved so 
that the smoke in plate 1 (i) was liberated along line PQ in piguhb 2.* 
Then it is apparent that successively emitted smoke particles were 
subject to different displacements, depending upon where in the pattern 
each happened to be released. At B, there would be a displacement 
towards the convergence line b, at A an opposite displacement towards 
the convergence line a. Direct measurements of plate 1 (i) show that 
the smoke at point A was displaced 355 feet to the left, while the air 
mass as a whole moved 2970 feet from the stationary source (see 
FIGURE 3) . Similarly, smoke at point B was displaced 415 feet to the 
right, while the air mass moved 5080 feet. The proportion of lateral 
drift to average downwind travel is 12 per cent for point A and 8.2 
per cent for point B. Since the mean surface wind speed was 9 knots 
or 4.6 m/sec., this means that the speed of lateral motion in this por- 
tion of the convective system was about 0.52 m/scc. This relatively 
small lateral motion would produce only about a 5° change in wind 
direction at the smoke source, yet the assumed pattern of convection 
would account for angular deviations of the smoke plume from its 
average direction up to 60°. Thus, the assumption of some such con- 
vective system as that shown in figure 2 may be used to explain how 
large lateral displacements of a screen axis can occur when there is 
only a slight change in wind direction. It is not to be supposed, how- 
ever, that the perfect geometrical regularity shown in figure 2 will 
ever be completely realized in the free air over the sea. 

Plate 3A shows smoke laid crosswind by a vessel which also dropped 
a line of floating pots as she proceeded. The main smoke screen is 
aligned with the apparent wind on the vessel. The smoke from the 
stationary pots lies along the true wind. It will be seen that the 
plumes from the pots show lateral displacements which point towards 
regions of ascent, as revealed by towers in the crosswind screen. When 

• In model experiments (of. eroham. 287»), the oiientatlon of the cell system in 
respect to the direction of shear has been found to be sometimes parallel with 
OX sometimes parallel with OY (toueb 2). Alignment with OX te associated 
with lower rates of shear, and alignment with OY with higher rates of shear. 
Intermediate orientations might also be expected. 
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PLATE 3A is traced upon a photogrammetric grid of proper size and 
perspective, as in plate 3B, the effect becomes more apparent. Large 


Y 



displacements to either side of the mean direction of the true wind 
can be seen. Also, it can be verified that the displacement, in every 
case, is towards one of the rising towers in the main crosswind screen. 
The average spacing between these towers is 1300 feet. 
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Vertical Displacement of Smoke 

Examples of vertical displacement of smoke are shown in plate 4. 
These photographs were taken within a few minutes of one another, in 
such a brief interval that there was practically no change in the 
meteorological conditions. The very great difference in the appear- 
ance of successive portions of the smoke shown in different pictures is 
attributed to the continuously changing position of the moving source, 
relative to the convective circulation pattern in the passing air. If 
the source were located so that the smoke were liberated along the 
segment TU in btqtjkb 2, the spacing and the character of the ascending 
and descending regions should be quite different from what they would 
be if the source were so located as to produce smoke along UV. It is 
suggested that the portion of the screen shown in plate 3B may corre- 
spond to some such segment as UV in PiGxntE 2, and the portions shown 
in PLATE 4, (i) and (ii) , to some such segment as TU, the pattern hav- 
ing meanwhile changed position in relation to the source. In addition 
to this, the inevitable irregularities of the prevailing pattern of con- 
vection will have their counterpart in the movement of the smoke. It 
will be noticed that thei’e are about twice as many ascending zones 
in PLATE 4(iii) as in plate 4(i). The situation may be further com- 
plicated by a tendency, pointed out by Benard, for the vertical motion 
to be accentuated at the vertices of the hexagons (see figure 1) . It 
will be seen that the relations of segments TU and UV to the vertices 
are quite different. Thus, the assumption of a polygonal convection 
pattern may be used to explain the rapid change in l^e spacing of 
tlie regions of ascent, in plate 4 (i-iii) . 

Other illustrations of the vertical displacement of smoke are pro- 
vided by PLATE 5. These show chemical smoke (ES) laid by a plane 
flying a horizontal course directly to windward at a speed of 120 knots 
and an altitude of 300 feet. Tlie initially strai^it plume became 
progressively distorted into vertical loops, some portions of the smoke 
being ultimately carried down to the surface, while other portions 
Buffered a corresponding rise. While this occurred, the mean height 
of the plume axis remained essentially unaltered. Measurements of a 
series of timed photographs not contained in this paper indicate ver- 
tical velocities of the order of 3 feet per second. At about this time, 
observations showed that the air was almost ^actly adiabatic up to 
1200 feet (the limit of height of the measurements) . The surface water 
was 0.2° C. warmer than the air at deck level. 
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EVIDENCE FOR LONGITUDINAL ROLL VORTICES 

Plates 6-8, which wcic taken at 700 feet, sliow a peculiar banded 
appearance of the sea suiface commonly observed in the Gulf of 
Panama. The effect seems to be due to a systematic vaiiation in the 
pattern of small wa\es on the sea suiface, associated with a correspond- 
mg vaiiation in wind speed. At first glance, the appearance might 
have been ascribed to a long swell, but further consideration showed 
that this was not the explanation, for no swell was present, as con- 
firmed by reports from surface ships, and the bands sometimes stopped 
abruptly, far from shore. Moreover, they did not move with the speed 
requisite for long waves. 


Table 1 
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10 

60 
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6 
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- 85 

6 
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1-7 



Clear 

- 90 
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Table 1 shows the general meteorological conditions on a number of 
days when the bands were observed, and figttbes 4, 5, and 6 show air 
thermograph traces ^ving the temperature gradient in the lower air. 
With one exception, these are all of the same general type. All tihese 




















Figukb 4 T^peiatuie lapse rates during pwiods when the band*) were viBible on the sea surface 
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fiGTTBB 5« Temperature lapse rates dunnff periods when the bands woe visible on the sea surface 
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FiGfUBB 6 Temperature lapse rates dunng penods '^hea the bands were \isibLe on the 
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days were characterized by the presence of a surface layer of rela- 
tively well mixed (adiabatic) air rather sharply separated from an 
overlying layer of stable air at a height of several Imndi’ed feet. Be- 
tween the two layers, there was a large change in wind speed and often 
also in wind direction, made evident by the movement of the smoke 
(plate 9). The directional relationsliips between the upper and 
lower winds and the bands, determined photogrammetrically on the 
basis of smoke distribution, are shown in pigxjbe 7.* In general, it may 
be stated that, whenever bands occurred, surface winds were moderate, 
the lower air was mixed, the upper air was stable, the sun was high, 
and there was no heavy cloud cover. The long axis of the bands was 
oriented roughly in the direction of the apparent wind in the upper 
layer, with reference to the moving air below. 

On the basis of these considerations, it is tentatively concluded that 
the bands are due to the presence either of a system of longitudinal 
roll vortices, somewhat as shown in pigube 8, or to a system of internal 
waves in the mixed surface layer. Either explanation would account 
for the regular variation of wind over the surface indicated by the 
bands. The hypothesis of roll vortices is consistent with the observed 
orientation of the bands, for Mai,® Graham,® Chandra,"* and others 
have found that paired vortices are usually formed with their long 
axes parallel with the shear. The shear at the upper boimdary of the 
surface layer has the same direction as the apparent wind in the upper 
layer with reference to the moving air below. In order to visualize it, 
let us imagine a ship moving with the speed, and in the direction, of the 
air at the surface, and having a mast high enough to penetrate the 
upper layer. A flag on this mast will indicate the apparent wind aloft 
with reference to the surface wind and will thus show the direction of 
the shear between the two layers. It is not to be overlooked that the 
shear between the lower wind and the sea surface will also be involved 
in determining the orientation of the vortices, so that, ideally, we 
mi^t expect some deviation of the bands from the direction just 
discussed towards that of the surface wind itself. 

There are two other phenomena associated with the bands which 
deserve consideration: (1) the configuration of a smoke plume laid 
at rig^t angles to the bands; and (2) the relationship of the band 
spacing to the height of the adiabatic layer and to the width of the 
smoke cells. 

1. Plates 7 and 8 show the performance of a smoke screen laid 
at ri^t angles to'the bands. The surface convergence of the smoke, 

* Unfortunately, no wind speed measurements aloft were made. In nGun 7, 
tbe length of the arrows Is not to be taken as representing relative wind speeds. 



FEB. 5.I94S 
TIME 1530 
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its rise, and its divergence at the top of the mixed layer are visible at 
point D. The growth of a subsequent convergent tower of smoke can 
be followed at point E (the average rate of rise at point E being 3 
ft/sec., as determined photogrammetrically from successive pictures) . 
At point F, in plates 7 and 8, the progressive descent of smoke in an 
eddy may be follow'ed. These figures illustrate the presence of ascend- 
ing and descending air motion in the banded areas. 

2. The average distance between the bands, in plate 7 (i) , is about 
1000 feet. At this time, the average distance between the convergence 
points, D and E, in plates 7(ii) and 8(i), was 960 feet. The height 
of the mixed (adiabatic) layer of air was 480 feet [plate 5(ii), ascent 
No. 19]. Thus, it seems that the width of the bands is about the 
same as the width of the smoke cloud formations and about twice the 
hei^t of the mixed layer. This is in agreement with what would be 
expected on theoretical grounds for roll vortices (see figures given 
by Stommel). The average height of the smoke cloud formations 
(660 ft.) is somewhat greater than that of the mixed layer (480 ft.). 
This may be caused by the penetration of the smoke into the stable 
layer above, due to associated heat, or it may be due to a variation in 
the height of the layer with time. 

In the last two paragraphs, we have stressed the interpretation of 
the bands in terms of roll vortices. An alternative explanation in 
terms of a system of internal waves should not be overlooked. Such 
waves would have their origin in the purely mechanical effect of shear 
at the top and bottom of the mixed layer, and would not demand a 
condition of thermal instability. Actually, on most of the days when 
the bands were observed, the sea surface was colder than the air, as 
will be seen from table 1. In contrast to internal waves, roll vortices, 
originating in thermal instability, would appear to demand that the 
sea be warmer than the air. Thus, Brunt’”' says, “Frictional forces 
have little or nothing to do with the genesis of the circulation, which 
in fact dies away rapidly through the action of friction as soon as the 
transfer of heat dies away.” Brunt refers here to observations on 
experimental model systems, but he implies that the same would be 
true in free air. It should not be overlooked, however, that the water 
temperatures given in table 1 are based on dip bucket samples. It is 
possible that these may not give a true picture of the real surface tem- 
perature. In the absence of adequate mixing by the wind, the surface 
mi^t develop an excess of temperature in relation to the air and the 
underlying water. This would escape detection by the dip bucket 

uBnmt, Physical and Dynamical Meteorologry: 219-223. Columbia Univer- 
sity Press (2nd edition). London, 1939. 
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technique, and there mi^t be an unsuspected flow of heat from the 
water to the air. The moderate surface .winds and relatively slight 
cloudiness (only thin cirrus clouds were present) which obtained on 
most of the days when the bands were observed suggest that this 
mi^t have been the case. It is also possible that greater hunoidity 
of the air close to the surface, due to evaporation, may have con- 
tributed significantly to produce instability, since, of course, moist 
air is lighter than dry air. No precise data bearing on the point were 
obtained, but it should be noted that, at 80°, a 10 per cent change of 
relative humidity has an effect on density equal to a .7° F. change 
of temperature. In the absence of further information, any final de- 
cision between an explanation in terms of roll vortices and one in 
terms of internal waves must be left open. 


DISCUSSION OF THE PAPER 

Professor B. Haurwitz: 

In connection with the observations of polygonal cells, it is relevant to refer to 
a paper by H. S 9 lberg* in which, among other problems, cellular oscillations in 
an atmosphere with a linear lapse rate are considered. For a cell whose dimen- 
sions resemble that of the Benard cell and for a temperature lapse rate of 6® C. 
per 1000 m., the period of the oscillation is found to be 13 minutes. It would be 
interesting to know if any such periods have been observed in coimection with 
the convection patterns. If such periods happen to be very similar to those com- 
puted by Solberg, it would tend to show that the patterns set up by convection 
conform to the free oscillations of the atmosphere. 

A theoretical treatment of the cloud rolls os convection patterns is still lacking. 
It would be desirable eq^ecially in order to see in which cases such a theory 
gives the correct ^pacing of the cloud rolls and in which cases the theory of in- 
ternal waves gives better results, or if both theories lead to the same spacing of 
the patterns. 

As far as the laboratory experiments on convection patterns are concerned, it is 
surprising that, while in liquid cells the ascending motion takes place at the 
center, in air cells it does so on the periphery. It would be interesting to know if 
any explanation for this difference can be given. Theoretically, both types of 
motion would appear to be equivalent, the direction of motion only depending 
on whether a certain constant is positive or negative. 


Astrophyslca Norvegica 2(2). 1936. 
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Plate 5 

Smoke laid parallel to the wind by a plane flying horizontally. Note tlie ver- 
tical development of points a and b. Elapsed time between (i) and (ii) is 88 
seconds. 


December 19, 1944. 

Time: 0945. 

Fetch: > 500 nautical miles. 
Altitude of plane: 92 meters. 
Air speed of plane: 120 knots. 


Wind at 10 m.: 62 m/sec. 
Sea Surface T.: 26.3® C. 
Air T. at 10 m.: 26.1® C. 
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Platd 6 

(i) Oblique view bhowmg dirk md light binds on sea surface lying parallel to 
the surface wind 

Jmuaiy 30 1945 Wind 4 5 m/sec 

Time 1356 Sea Surface T 26 4® C 

Tclnh 37 niuUcil miles An T at 12 m 272® C ci st 

Clouds 10 Cl cu 

(ii) Oblique view slioviing duk and light binds on sea ■miface lying parallel to 
the surface wind 

Januaiy30 1945 Wind 39m/seo 

Time 1510 Sea Surface T 266° C 

Fetch 37 nautical miles Air T at 12 m 26 9° C ci cu 

Clouds 9 Cl st 
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Plate 7 

(i) Oblique view of smoke laid across the bands in such a manner as to diow 
the motion of the overlying air. Putes 7 (i) through 8 (iv) were taken in 
quick succession on January 30, 1945. 

Time: 1630.25. Sea Surface T: 26 7° C. 

Fe^: 33 nautical miles. Air T. at 12 m,- 27 3° C. 

Wind: 1.5 m/sec. Clouds: 9 alt. cu. 
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Plate 8 

(i) Date and conditions same as for plates 7 (i) and (ii), but time 3 minutes 
37 seconds later than in plate 7 (i). 

(ii) Date and conditions same as for plates 7 (i) and (ii) and plate 8 (i), but 
time 3 minutes 49 seconds later than in plate 7 (i). 

(iii) Date and conditions same as for plates 7 (i) through 8 (ii), but time 4 
minutes 1 second later than in plate 7 (i). 

(iv) Date and conditions same as for plates 7 (i) through 8 (iii), but time 4 
minutes 11 seconds later than in plate 7 (i). 
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PUTB 9 

Vertical view of smoke, showing large change in wind direction withm the first 
few hundred feet of the sea surface. 

February 5y 1915. Wind at 6 m.: Im/sec. 

Time' 1630. Sea Surface T.: C. 

Fetch 26 nautical miles. Air T. at 12 m.:266'' C. 

Clouds; none. 
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CELLULAR STRUCTURE OF INTERMITTENT RAIN 

By Raymond WiaajBE 

Signal Corps Engineering Laboratories, Belmar, N. J. 

A cellular structure of intermittent rain is often revealed by radar. 
Rows of precipitation cells of diameters near 5 miles characterize the 
rain in a stationary trough, as on 19 July, 1945. The overall pattern 
changes from hour to hour. On 15 March, 1946, the transformation 
from a cellular structure to a fusion of cells and thence to a continuous 
rain area was followed. 

RADAR IN THE DETECTION OF RAINCLOUDS 

The photographs of rainstorms on plates 10-12, of 19 July, 1946, 
and 15 March, 1946, were detected by radar (wavelength near 3 cm.) 
at Sea Girt and Belrnar, New Jersey, respectively. The rainstorms are 
“mapped” by the radar on a cathode ray tube scope, called PPI or 
Plan Position Indicator. In interpreting these photographs, the fol- 
lowing items concerning the radar must be remembered: 

(a) A pulse of electromagnetic energy concentrated in a narrow beam 
is radiated by a revolving antenna. A portion of this energy is inter- 
cepted by rainclouds and is reflected back to a receiving antenna. The 
magnitude of the return signal varies with the reflectivity of the cloud. 
Raindrops, whose drop diameters are of the order of 1 to 2 mm., have 
about 10® times the reflectivity of cloud drops, whose diameters are 
about 10 to 20 microns. Present-day radar has not generally been 
able to detect even nearby clouds not associated with rain. 

(b) If the entire beam is intercepted by the raincloud, the magni- 
tude of the return signal varies inversely as the square of the distance 
of the radar from the rainstorm. Hence, the shape of distant rain- 
storms may not be truly depicted, due to tJie inability of the radar to 
detect small return signals. 

(c) Generally speaking, the greater the distance from the radar, the 
higher above the earth is the path of the beam. The beam does not 
travel in a straight line, but is bent downward slightly, due to refrac- 
tion in the atmosphere. In a standard atmosphere, the curvature of 
the ray is about one quarter the curvature of the earth. 

(d) In the photographs of the PPI, no quantitative measure of the 
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radar echo is possible. Solid white structure indicates a sti-ong echo. 
The solid white center on the scope indicates the position of the radar. 
Concentric white circles arc range markers. The white line emanat- 
ing from tlie center is the ferae north direction. 

STUDIES OF RAIN-STRUCTURE 

Showery Activity on 19 July, 1945 
On 18 and 19 July, 1945, a stationary trough was located along the 
Atlantic seaboard, with a southeasterly flow of tropical maritime air 
causing showery activity near the coast. Precipitation was lacking at 
coastal stations, but was quite plentiful at stations further inland. In 
view of this fact, the precipitation was evidently due to orographic 
lifting and heating of the unstable tropical maritime air proceeding in- 
land against the foothills of the Appalachians. Aloft at 10,000 feet, a 
stationary trough lay along the Appalachians. 

Radar photographs on these days indicate a cellular structure of the 
precipitation pattern. Most striking is the picture taken at 0930 EST, 
19 July, 1945, at Sea Girt, New Jersey, on a sweep of 100 nautical miles 
[plate 10 (i)]. Three adjacent rows of precipitation cells are ap- 
parent. The diameter of each cell is four to eight miles, and the edges 
of the separate cells are often zero to flve miles apart. In some places, 
the cells seem to be a coalescence of several cells into a band of pre- 
cipitation. 

An hour later [plate 10 (ii) ] , the precipitation line has remained ap- 
proximately stationary but the rain pattern is not recognizable as con- 
tinuous from the previous hour. Only one row is present. Apparently, 
the individual cells dissipate or coalesce with other cells, and new cells 
develop, giving a pattern which changes markedly from hour to hour. 
At 1118 EST [plate lO(iii), 5 mile markers], a solid belt of precipita- 
tion about 40 miles long and 8 miles wide replaces the open cellular 
structure of the previous hours. 

Precipitation Pattern Changes on 15 March, 1946 
On 15 March, 1946, a stationary, deep occluded cyclone lay over the 
Texas panhandle. Cyclonic circulation associated with the storm ap- 
peared to dominate practically the whole of the United States. Far in 
advance of the system, weak frontal activity was present over the mid- 
AtlaniJc states. No closed cyclonic circulation was evident on the 
0130 map. Twelve hours later, a closed cyclonic circulation, evi- 
dently a rapid secondary development, was centered on the South Jer- 
sey coast. 
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The rapid development in the isobaric pattern is accompanied by 
rapid development in the precipitation pattern (plates 11 and 12) . At 
0931, three rows of precipitation, located about 20 and 30 miles apart, 
are evident in the photographs of the PPI. A definite cellular struc- 
ture of the rain pattern is clearly indicated. Ten minutes later, some 
fusion of the cells is apparent and by 1001, practically all the cells 
have lost their individual outline. Cells traced from 0931 to 1001 
show a movement to the north-northeast with a velocity of about 15 
miles per hour. 

At 1001, a new development has taken place about 30 miles to the 
southwest of the station. This new precipitation area has enlarged 
further at 1022, along a NW-SE line, and has moved about six miles 
to the northeast. By 1022, the original three-row pattern of precipita- 
tion has changed markedly : the most easterly row has become an elon- 
gated trapezoidal area, and the middle row a diffuse area 30 to 40 
miles northeast. The most westerly area has enlarged. This enlarge- 
ment may also be due to the closer range and a consequent increase of 
echoes detectable by the radar. 

Further enlargement of the westernmost areas is evident at 1055, 
and a new development of cells of precipitation has occurred 20 to 35 
miles southeast of the station. At 1125, the precipitation has almost 
reached the station, and further new development is evident east and 
north-northeast. 

Rain has reached the station at 1140, and a large area of cells of pre- 
cipitation has appeared along the eastern and northeastern sector 20 
to 40 miles from the station.* By 1202, a continuous precipitation 
covers a twenty-mile area around the station, and a fusing together of 
the previous cellular structure is apparent 30 to 50 miles cast and 
northeast. Subsequently, the precipitation pattern appears essentially 
as a single large continuous area. 

In summaiy, parallel lines of precipitation cells, often less than five 
miles in diameter, characterize the first appearance of the storm. 
Single cells may be followed in motion for a period of about 20 to 
30 minutes and subsequently lose their identity either in dissipation 
or in fusion with other cells. This fusion of cells and the development 
of new areas of precipitation markedly change the precipitation pattern 
within an hour. A continuous rain area follows the initial pattern of 
parallel lines of precipitation. Such a sequence from a parallel-line 
pattern to a continuous precipitation area has also been found to be 
characteristic of other warm-front rain storms. 

• The new appearance of many of these storms may he accounted for by the 
shift in the angle of elevation from % to 2 degrees. 
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PL\Tn 10 

(i) Rows of precipitation cells, 0930 EST, 19 July, 1945, Sea Girt, N. J. Sweep 
range is 100 nautical miles; each markei represents 10 nautical miles. Angle of 
elevation of antenna is 1°. White hne to top is true north direction. 

(li) 1031 EST, 19 July, 1945, 10-mile markers, 1® elevation. 

(lii) 1118 EST, 19 July, 1946, 5-mile markers, 1® elevation. 
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Plot 11 

Precipitation pattern changes 0931-1022 EST 16 Mai eh, 1946, Belmai, N J 
Angle ol elevation of intonua is 05° Bich m iikei lepiescnts 10 nautical nules 
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Plate 12 

Precipitation pattern changes 1066r-1202 EST, 16 March, 1946. Photogiaphs 
of 1055 and 1125 aie at 05"^ elevation; those of 1141 and 1202, at 2^ elevation 
On 1055 and 1141 photographs, markers are 5 nautical miles with sweep length of 
45 miles; on 1125 and 1202 photographs, 10 nautical miles with sweep length of 
100 miles 
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OBSERVATIONS OF VERTICAL TEMPERATURE 
AND HUMIDITY DISTRIBUTIONS IN THE 
CONVECTIVE LAYER ABOVE THE 
SEA SURFACE* 

By Richaed A. Craig 

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts^ 

During the summer and early falf of 1944, detailed soundings were 
made in the lowest 1000 feet of the atmosphere over Massachusetts 
Bay. This observational program was carried out, under the general 
direction of Mr. Donald K. Kei-r, by members of Croup 42, Radiation 
Laboratory, Massaclmsetls Institute of Teclinology. The measure- 
ments were primarily intended to be of assistance in studies concerning 
the effects of vertical gi’adients of temperature and humidity on the 
propagation of short radio waves in the atmosphere. The soundings 
and their intei-pretation were, however, essentially meteorological 
problems, despite their importance to propagation studies. According- 
ly, several metetn-ologists, under the direction of Dr. R. B. Montgomery, 
participated in the project, helping to plan the measuring program and 
interpret the results. 

The special nature of the propagation problem required very detailed 
measurements of temperature and humidity in that part of the atmos- 
phere between the sea surface and about 1000 feet. Since meteorolog- 
ical upper-air instruments in common use arc intended to sound in less 
detail a much larger layer of the atmosphere, new instruments were 
designed to meet the special requirements. The one developed at the 
Radiation Laboratory and used in making the observations to be pre- 
sented here is called the a&ropsychrograph, an electrical recording in- 
strument which measures the dry-hulb and wet-bulb temperatures of 
the air. In some cases, it was carried aloft by an airplane, and about 
500 soundings, most of them extending to 1000 feet, were obtained in 
this manner. At other times, the aeropsychrograph was carried aloft 
by a balloon to heists generally less than 600 feet, or run up the mast 

• Contribution No. 368, Woods Hole Oceanographic Institution. The prepara- 
tion of this paper was carried out as part of a contract with the Bureau of 
Ships, XJ. S. Navy Department. , ^ xx t 

tPresent address: Department of Meteorology, Massachusetts Institute of 
Technology, Cambridge, Massachusetts, 
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of a boat to about 50 feet. This instrument, as well as others devel- 
oped for the same purpose, will be described in detail in a book to bo 
published as part of a series describing wartime research at the Radia- 
tion Laboratory. The same book will include a discussion of the results 
of the measurements in Massachusetts Bay and of similar programs 
in other regions.® 

These soundings contain much that is of interest to meteorology it- 
self, because they include measurements in the lower part of the at- 
mosphere which are more detailed, in some respects, than any previ- 
ously available. Some of the observations with a bearing on sea 
breezes have already been published.’- Another meteorological prob- 
lem on which they throw some light is that of the vertical distributions 
of temperature and humidity in air which is being heated from below 
by warmer water. It is the purpose of this paper to describe the dis- 
tributions which were measured under such conditions, and to present 
and discuss specific examples of such soundings. 

It was found that the convective layer above the sea surface con- 
tains three regions where the vertical distributions are essentially dif- 
ferent. In a shallow layer near the surface, the temperature and hu- 
midity decrease rapidly with height. Above this, and extending 
throu^out most of the layer, is a region where, within the accuracy of 
the observations, the air is mixed or homogeneous, that is, the lapse 
rate of temperature is adiabatic and the specific humidity is indepen- 
dent of hei^t. At the top of the convective layer, the temperature 
distribution is hydrostatically stable, and the specific humidity gen- 
erally decreases rapidly with height. When air passes over warmer 
water, the indmdual rates of change of the potential temperature and 
specific humidity of the air in the homogeneous layer are positive, as 
is that of the height of the convective layer. 

A few selected soundings from among the many made are presented 
in FiauBES 1-5. Temperature and dew point are plotted against height 
above the surface, the broken lines representing the dry-adiabatic lapse 
rate of temperature and the vertical distribution of dew point which 
corresponds to constant specific humidity. Each airplane sounding 
consists of a series of measurements made between 20 feet and 1000 
feet, and, in addition, a second series made between 20 feet and usually 
500 feet, immediately afterward. The water temperature, indicated 
by an arrow in the figures, was generally determined, in the case of 
these selected soundinp, by measurement from a boat at about the 
same time and place as the soimding. The wind force at the surface 
was estimated from the state of the sea by observers in the airplane. 
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Figures 1-3 all illustrate the dcgi'ee of homogeneity found in the 
convectivcly stirred air. Between 20 feet and 1000 feet, the tempera- 
ture deviates nowhere more than 0.5° F. from that corresponding to the 



•iOC -5C OC 5C IOC 



FiGUiBB 1. Airplane sounding showing homogeneity in the convective layer. 70® 86' W, 42® 81' 
N, 30 October 1944, O accent 1410-1420 (tune mendian 60® W), • ascent 1423-1428, over-water 
t^'eotory (distance the air at 1000 ft. has tiavelled since leaving land), 8 miles. 

adiabatic lapse rate. The deviations of dew point in figitres la and 2 
appear to be larger, but it should be pointed out that, at the low dew 
points involved, these deviations correspond to very snaall changes in 
water-vapor content. To illustrate this, and to show an alternative 
method of presenting the observations, the sounding shown in figitee 
la is also presented in figure lb, where potential temperature (re- 
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Fiouhb 2. Airplane sounding showing homogeneity in the convective layer. 70° 27' W, 42° 21' 
N, 20 October 1944, O ascent 1528-1538, • asc^t 1541-1546, over-water trajectory more than lOO 
miles. 

ferred to the surface, not 1000 mb) and specific humidity are plotted 
against height. Note that, in contrast to the homogeneity above 20 
feet, very large vertical gradients must exist below 20 feet, as the tem- 



perature and dew point change in this layer from their values at the 
sea surface to those measured at 20 feet. 

Figubb 4 is a sounding in which the stable top of the convective layer 
appears. Agmn, a convectively mixed homogeneous layer is found, 
with large vertical gradients near the surface and above the convective 
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layer. The increase of temperature and decrease of humidity with 
height above the homogeneous layer are rapid, but show the effect of 



IOC IOC 


Figubb 5. Airplane sounding showing homogeneity in the convective layer, and mast sounding 
showing large vertical gradients of tempmature and humidity in lowest 10 feet. Airplane sound- 
ing: ^ 28' W, 42* 17' N, 10 OctoW 1944,0 descent 1202-1215, • descent 1216-1228, over-water 
trajectory 25 miles. Mast sounding: 70* 23' W, 42* 15' N, 10 October 1044, O (average of two 
measurements) 1258-1810, over-water trajectoiy 25 miles. 

some mechanical mixing between the air above and the air below the 
top of the convective layer. 

In FIGUBB 5a, another airplane sounding extending to 1000 feet shows 
homogeneous air in the convective layer. In this case, there is also 
shown (figubb 5b) a more detailed sounding of the lowest 50 feet, 
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made from a boat at about the same time and place. The homo- 
geneous distributions appear to cjctend down to about 10 feet, with a 
large part of the change taking place in the lowest 2 feet. It must be 
remembered, however, that the measured distributions in figubb 6b 
are not necessarily typical of those which might occur under different 
conditions of wind speed and temperature difference between air and 
water. 

The height of the surface layer of large vertical gradients depends 
essentially on the temperature difference between the air and the 
water, and on the wind speed. It has proved impossible, for two rea- 
sons, statistically to determine the relationship from a study of the 
data. The water temperature often was not known within about 2° P., 
an appreciable percentage of the temperature difference between air 
and water for these observations. Moreover, the height of the surface 
layer could not usually be determined with much accuracy, since, in 
the airplane soundings, measurements were made at only two or three 
levels wilhin the layer. However, the following statement can be 
made: In a series of 105 soundings in air heated over water, covering a 
range in wind force of 0 to 5 on the Beaufort scale and a range in 
temperature difference of 1° to 12® F., the superadiabatic lapse rate of 
temperature starting at the surface was observed to extend above 60 
feet only four times and above 100 feet only twice. 

The observations over Massachusetts Bay, and other similar obser- 
vations made during the war, are of distinctive value. Detailed 
soundings of the layer between the surface and 1000 feet, or of a layer 
of comparable thickness at any height, have previously been neglected 
in favor of measurements nearer the surface of the earth or of obser- 
vations of the gross vertical structure of the atmosphere to much 
greater heights. Moreover, the accuracy of these measurements, as 
indicated by their reproducibility and consistency, exceeds that of 
other upper-air soundings. Such detailed and accurate soundings 
should prove useful in many specialized research problems in meteor- 
ology. 
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CONVECTION IN THE ANNUAL TEMPERATURE 
CYCLE OF LAKE MICHIGAN* 


By Phil E. Church 
Univeisity of Washington, Seattle, Washington 

Lake Michigan is a deep, fresh-water lake, 300 miles long (lat., 41° 
to 46° N.) and 80 miles wide, with a water surface of 22,400 square 
miles. Bathymetrically, it consists of two basins; a circular one with 
maximum depth of 172 m,, near the southern end of the lake; and an 
elliptical depression with maximum depth of 282 m , just north of the 
middle. Between the two basins is .shallower water (latitude of the 
Milwaukee-Muskegon route), with channels (we.st side, about 85 m. 
deep; east side, about 100 m. deep) connecting the two basins. 
The lake lies in the latitude where the mean annual range of air tem- 
perature is 24° to 28° C. (January mean, from —4° to —9° C.; July 
mean, from 19° to 23° C.). At Milwaukee, 43° N., the mean daily 
air temperature is below freezing from November 25 to March 20, 
a period of 116 days. At Madison, 43° N., the pyrheliometcr gives, as 
the average amount of radiation received from sun and sky on a hori- 
zontal surface, about 3,500 g/eal/cm® for December, 16,400 g/cal/cm® 
for July, witli a total of 118,000 g/cal/cm® per year. 

The location, depth, and size of Lake Michigan place it in order 2 of 
temperate lakes, in Whipple’s classification.® This order is described 
thus: “Temperature of bottom water varies, but not far from 4° C.; 
two circulation periods (one in spring and one in autumn) .” Certain 
TJ. S. lakes, including the Finger Lakes of New York, and some Euro- 
pean lakes that have been investigated®’ fall in the same general 
order. Lake Michigan is deep enough for there to be a definite bottom 
layer whose temperature does not change when the lake is stratified. 

The “two circulation periods” of Whipple refer to periods of vertical 
circulation caused mainly by convection, a process considered to be 
active when the water has any degree of negative stability, i.e., when 

E is a negative quantity, E being the degree of stability, and p 
dz 

the density.®* The process is also considered to be in operation when 

^ = 0 and there is, in the diurnal heat balance, a net change of heat 
dz 

( 789 ) 
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in the direction of increased density. The latter condition occurs at 
night with temperatures above 4° C., and in the day with tempera- 
tures below 4° 0, 

The data used herein were gathered from bathythermographs on 
commercial vessels plying across the lake. Nearly all conclusions 
have been drawn from data on the route between Milwaukee and Mus- 
kegon. On this route alone, the writer completed 78 trips within the 
822-day interval between November 22, 1941, and February 24, 1944. 
The longest interval between cruises was 39 days, and the shortest was 
4 days. On each cruise, an average of about 20 soundinp was made 
within the 79 miles between ports. All cruises, except the first six and 
three during the summer of 1943, were made from the Grand Trunk 
Railroad car ferry, S. S. “City of Milwaukee” (R. J. Martin, Master) , 
on which vessel the bathythermograph gear was semi-permanently 
mounted. All profiles have been planimetered to determine the mean 
temperature of the lake, the change of temperature, and the area occu- 
pied by water of certain temperatures. 

ANNUAL TEMPERATURE CYCLE 

The annual temperature cycle reveals that, within the main warm- 
ing-cooling repme, there are several important periods. Cooling be- 
^ns about the last of August and continues until mid-March. Warm- 
ing occupies the rest of the year. Hence, it cools for seven months 
and warms the other five. During the cooling period, however, part 
of the autumnal convective period (figubb 1) is consumed in bringing 
the temperature to a vertical isothermal condition (with a consequent 
destruction of the surface mixed layer and the thermocline) at close to 
the temperature of maximum density; and the rest of the convective 
period continues to lower the temperature below that of maximum 
density for the whole body of the lake. During this latter phase, the 
lake may, at times, exhibit some thermal stratification with the 
warmest water being at the greatest depths. Warming begins after 
mid-March, but tiie temperature increases slowly, because the whole 
body vertically must be warmed to above 4° C. before stratification 
can begin. TTie date on which this occurs varies considerably, de- 
pending on minimum temperature reached at the end of the cooling 
period, net gain of heat during the warming period, and the depth of 
water. On the Milwaukee-Muskegon route, stratification occurred 
after May 10 in 1942, and after June 9 in 1^. Across the "noriii” 
basin, the dates appear to be about one month later. As soon as 
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stratification begins, the surface warms rapidly, and the degree of posi- 
tive stability reaches a high value at the bottom of the mixed layer by 
mid-August. 

Convection occurs during two periods: one from the beginning of the 
cooling period of surface water, in the autumn, until the lake is ver- 
tically isothermal at 4° C., in January; the other, from the be^nning 



of the warming period in March until the temperature again is ver- 
tically isothermal at 4° G. During these two periods, the lake is sub- 
jected to vertical thermal overturn. Convection also progresses each 
and every day during the winter when the water is below 4° C., and 
there is a net gain of heat. 

' The heat loss from the lake by the processes of nocturnal radiation, 
evaporation, and conduction has been computed** by months for the 
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two convection periods and the intervening winter months beginning 
in December, 1941, and ending in December, 1943. The values of air 
temperature, relative humidity, vapor pressure, wind velocity, and 
cloudiness used in these calculations are an average of the means of 
the respective elements for the months as published for the Milwaukee 
and Muskegon Weather Bureau airport oflSces. Both airports, where the 
observations were made, are close to Lake Michigan, but it is readily 
admitted that the average of the two stations is not the average of the 
conditions over the lake. This is especially true with wind velocity; 
the velocity over the lake more nearly corresponds to the velocity at the 
Milwaukee airport than at the Muskegon airport, according to R. J. 
Martin, Master of the S. S. “City of Milwaukee,” who has crossed be- 
tween these ports about 10,000 times. The average surface tempera- 
ture for the same months was obtained from the bathythermograph 
soundings, and the vapor pressure for the water was taken from appro- 
priate tables. The table below gives the total heat loss in calories 
and the total heat change per month in calories from the planimetered 
profiles for a 72 m. column of cross-section area of 1 cm®. 

From the two complete years of data (1942 and 1943) of the heat 
content that are available (see table 4), the annual heat budpt, or 
amount of heat necessary to raise the water from the winter minimum 
to the summer maximum, have been computed. These are given in 
TABLE 2 for each square centimeter for the average depth of the lake, 
72 m., between Milwaukee and Muskegon. 


Table 2 


Year 

Minimum 

Maximum 

Annual 

budget 

g/eal 

Avo. temp. 

Date 

g/cal 


Date 

1942 

1943 

17,280 

3,168 

2.4* 

0 44* 

3-15 

3-23 

65,520 

59,184 

9 1“ 

8 22* 

8-22 

8-28 

48,240 

56,016 


No corresponding figures can be given for the deeper northern part, 
because no crossings wore made there after late November. 


BEGINNING DATES OF CONVECTION 

The be ginnin g date when there is a consistent net heat loss in 
autumn is rather obscure. The average temperature of the surface 
mixed layer exhibited some loss during tiie week of August 22 to 
29, 1942, but no loss during the next five days. There was, how- 
ever, a deerease in the depth of this layer, which may be attributed to 
advection. By mid-September (cruise 63), however, tire surface layer 
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had cooled enou^, fractionally, so that the area occupied by 
water of more than 20° had been decreased to half of that of the pre- 
vious weeks, but tliere was a corresponding increase of the area where 
the temperature was between 10° and 20°. In 1943, the surface layer 
displayed a marked increase of temperature between August 28th 
(cruise 130) and September 3 (cruise 131), though the average for 
the profile was slightly lower on the latter date than on the former. 
This was owing to a somewhat lower temperature of the bottom layer, 
which again must be atteibuted to advection. Certainly, convection 
was well developed before the end of September. 

There is little doubt when the process begins in the vernal overturn 
period. In 1942, there was a consistent net increase of heat content for 
the profile after March 15 (cruise 20) ; in 1943, after March 23 
(cruise 102). 


AUTUMNAL CONVECTION 

During the year, convection is normally in action sometime within 
each 24-hour day. In autunm, this period is normally from shortly 
before sunset until shortly after sunrise. At an anchor station on the 
east side of the lake, at 42° 00' N. Lat. in 24 m. of water, where hourly 
observations were made for the 72-hour period from noon of September 
15 to noon of September 18, 1942, the outgoing heat from nocturnal 
radiation, evaporation, and conduction became greater than incoming 
absorbed radiation in the hour centered on 1700 o’clock, or one hour 
before sunset. In the morning, convection had ceased, as indicated by 
a net gain of heat, in the hour centered on 0700 o’clock, again about an 
hour after sunrise. Except for a few hours before sunrise on the 15th, 
there was no heat loss from the water by conduction to the air because 
the air was contistently wanner than the water. 

At another anchor station, close in location to that above, in 19 m. 
of water, during the dayli^t hours only on November 14, 1942, a 
clear day with air temperatures well below the water temperature, 
convection was stopped during the hours between 0930 and 1430 only. 
Thus, the period of convection had been increased to about 2.5 hours 
before sunset to 2.5 hours after sunrise. The hourly heat loss was 
computed to be between 20 and 25 g/cal/cm.‘ in this latter station, as 
contrasted to approximately 5 g/cal/cm.* at the former station. 

No other andior station data were taken, unfortunately. 

The change from net gain to net loss is abrupt, indeed. At the time 
of the year when a net loss for a 24-hour day starts, there can be a 
considerable departure from the average air temperatures. As an ex- 
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ample, at the September anchor station a net gain of heat was being 
experienced from the 15th to the 18th. The departure from normal 
of the air temperature at the Milwaukee airport on those days was 
+ 7.2, + 6.1, + 8.4, and + 8.9° C. Yet, for the twelve-day interval 
between the ci'uises on the 13tli and 25th, there was an average net loss 
of 462 g/ cal/ cm.®/ day. At Milwaukee, the departures from normal for 
the 20th through the 25th were —5.5, —3.3, —6.1,— 11.1, and —11.1° 
C., respectively. In this period of minus temperature departures, 
the peak wind velocities were well over 25 m.p.h. each day. 

The same magnitude of departures occurs in October and November. 
Indeed, so large have the plus departures been that the sign of heat 
exchange has, on occasion, changed from minus to plus in both of these 
months. 

With an average net heat loss, all isotherms above the 7° line in 
the thermoclinc travel upward with time. In windy periods, there 
is downward motion of the isotherms lower than 7°, resulting from 
wind stirring. Table 3, in which is ^ven the percentage of the pro- 


Tablb 3 



file area, with the temperatures above 10° C. and with the maximum 
wind velocity in the interval between cruises, illustrates, in part, this 
fact. Convection and wind stirring combine to decrease the tempera- 
ture of the mixed layer, lower the depth at which the thermocline is 
found, and decrease the temperature difference in the thermocline. 

The 5° isotherm also moves downward, as convection reduces the 
degree of positive stability and wind stirring penetrates more deeply. 
Finally, when the temperature of the surface mixed layer has cooled 
to about 7° C. and the 5° isotherm lies on an average about 60 m. deep, 
wind stirring can break up the existing thermocline (temperature 
difference at this time is '-^2.5° C.), and the lake becomes vertically 
isothermal with a temperature of about 6° C. The dates on which tiiis 
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has occurred were between November 29 and December 7, 1941, be- 
tween November 15 and December 7, 1942, and November 6 to 20, 
1943. 

After the lake has become isotheimal, convection can penetrate to 
the bottom, and wind stirring will be effective to the bottom also. Both 
of these processes operate in the same direction, i.e., in cooling the 
water from top to bottom. That tlie vertical overtmui must produce 
vertical transport of appreciable velocity, can be identified by visual 
observation, because there is a change in tlie color of the water from 
clear to turbid, even in the deepest part across the profile after the lake 
is isothermal. This period lasts from the beginning of the isothermal 
period until winter stratification occurs after the temperature is below 
4° C. The date when this temperature is reached varies; it was 
January 22, 1942; December 28, 1943; and December 26, 1944. On 
the above dates, convection theoretically ceases as an average 24-hour 
day condition. 

During the autumnal cooling period, when the lake decreases in 
temperature to greater depths by convection, and the depth of over- 
turn is increased by wind stirring, the net heat loss per day between 
cruises varied from zero to as much as 605 g/cal/cm‘®. 

SPRING CONVECTION 

At the beginning of the spring convection or overturn period, the 
lake exhibits a small amount of positive stability, especially in the 
deepest part of both channels. This stability develops toward the 
latter end of the winter cooling period, when tlie water is near its 
minimum temperature, and there is a greater change of density with 
change of temperature. An additional factor is the wind velocity. 
In February, 1942, there was a lower average wind velocity than in 
January or Marcli, and tlie lake attained its maximum temperature 
difference (1.25°) and stability by March 1. In 1943, witli a higher 
average wind velocity in both February and March than in January, 
stratification developed to a point where the temperature difference 
was again slightly more than 1°. However, the water temperature 
was much lower in 1943, and the degree of stability was thereby larger. 

The first effect of convection, at this season, is to obliterate any 
temperature (and density) difference. Only three weeks were re- 
quired in both 1942 and 1943, if the area occupied by the coldest 
(fittest) water of the northbound cui'rent on the east side is dis- 
regarded. This part of the spring convection period is analogous to the 
first part of the autunm convection period; in both cases, convection 
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penetxates deeper into tlie thermocline each day, until the whole body 
is vertically isothermal. 

When tlio above stage has passed, convection is free to operate to 
the bottom. Convection overturn then continues until the water is 
4°. Wind stining then maintains tlie lake in an isothei’mal condition 
until the temperature reaches not more than 4.6°. During the period 
from complete convective overturn to the begi nni ng of stratification, 
such isotherms as can be drawn are vertically straight. 

The rate of net heat gain, as shown by the planimetered profiles, 
indicates a short period of small average gain after the minimum 
water temperature has been reached. By mid-April, an average 
net gain of about 330 g/cal/cmVday was attained in both 1942 and 
1943, in contrast to a net loss of about 200 g/cal/cm^/day for the first 
two weeks of March. A large net gain persists, even through the 
foggy season which starts in April, and frequently lasts until mid-June. 
It is entirely likely that condensation contributes a measurably large 
amount of heat at this season. The maximum net increase during the 
spring convection period was 792 g/cal/cmVday for the last week of 
May, 1943, an exceptionally higli value. Other periods between some 
cruises show a net gain of more than 500 cals., but these are rare. 
Because air temperature departures are smaller in summer than in 
winter, there is less variation in the net heat change between cruises 
in the wanning period than in the cooling period. 

SUMMARY 

Lake Michigan, a deep, fresh-water body, has an annual range of 
temperature such that, in winter, it averages well below the tempera- 
ture of maximum density and, in summer, averages well above that 
temperature. Within this thermal cycle, arc two well defined periods 
during which convection operates to depths as gi-eat as 100 m. or more. 
One period is in the autumn when convection increases the vertical 
thickness of the surface homogeneous (mixed) layer and nearly de- 
stroys the thermocline. Wind stirring of autumn storms is so effec- 
tive then that the thermocline, with a temperature difference of as 
much as 2.6° C., can be completely eliminated, even though it is from 
60 to 70 m. below the surface. The other convection period lasts from 
^he beginning of the warming period until the lake reaches the tem- 
perature of maximum density. 

The autumnal convection period begins about September 1 and 
continues, with occasional temporary reversals in the first three months 
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of cooling, until sometime in January. The spring convection period 
starts about mid- to late March and lasts for six to twelve weeks. 

The change of heat content varies considerably in the autumn cool- 
ing, frequently losing as much as 400 to 600 g/cal/cmVday, al- 
though it averages about 260 cals. Still greater losses occur in Decem- 
ber and January, however, when water-air temperature dififerences are 
at a maximum. In the spring convection period, the heat gain is ap- 
proximately 300 g/cal/cm^/day, for the first two months. 

The two convection periods combined equal six months, during 
which time vertical motion downward penetrated progressively to 
greater depths or to the bottom. 
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THE MAINTENANCE OF INSTABILITY IN THE 
SURFACE WATERS OF THE OCEAN* 

By John C. Aemsteong 

Assistant Curator, American Museum oj Natural History, New York, N. F. 

INTRODUCTION 

During the war, the Navy Oceanogi'aphic project at the Scripps 
Institution of Oceanography had occasion to examine a large number 
of hydrographic observations from the Kui-osliio, south of Japan. 

Observations taken during the winter months showed unstable 
stratification of tlic surface waters to be a common situation. Before 
accepting those observations as a basis for naval reports, it appeared 
desirable to examine such situations, to determine if the known 
mechanisms of the transfer of heat throu^ a boundary surface could 
be considered adequate to maintain the recorded instability. The 
results of this examination form the basis of the present report. 

THEORY 

Notation 

Q, — eradiation absorbed from the sun and sky per unit area and time; 
Qh — ^the back radiation from the sea surface per unit area and time; 

Q , — ^thc heat used for evaporation per unit area and time; 

Qh — ^thc flux of sensible heat to the atmosphere ; 

L — ^latent heat of vaporization of sea water; 

Cp — specific heat of sea water; 

Cp — specific heat of air; 
p— density of sea water; 
p' — density of air; 

— ^temperature of the water, C° ; 

^«r-temperature of the sea surface, 0° ; 

d'H — air temperature at 15 meters above the sea surface, C° ; 

g« — specific humidity at the sea surface; 

* Contribution from the Serlppa Institution of Oceanography, New Series, No. 
313. Thla work represonta results of research carried out for the Hydrographic 
Office and the Bureau of Ships, Navy Department, under contract with the 
University of California. 
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Qa — specific humidity at 15 meters above the sea surface; 

J7— wind velocity at 15 meters ; 

y’ — ^resistance coefGicicnt when U is measured at 15 meters; 
jti, — coefficient of eddy conductivity of sea water; 

H , — coefficient of eddy diffusivity of sea water; 

S— salinity; 

z — depth, taken positive downwards. 

We have assumed that the rate of transport of a transferable quan- 
tity, such as heat or salinity, by convection or turbulence is propor- 
tional to the gradient of that quantity in the direction of transport. 
It will be convenient to use the term, eddy conductivity, for factor of 
proportionality for the rate of transport of heat, and the term, eddy 
diffusivity, for the rate of transport of salinity. However, it may 
be noted that it is not intended to make any reservations concerning 
the mechanism of the convection or turbulence responsible for the 
transport. 

On the basis of such a definition of the eddy conductivity and dif- 
fusivity, we may examine the steady-state heat balance when the 
air is colder than the water. 

The Devdopment of Temperature Gradients 

FiGtTEB 1 represents a column of water of unit cross-section, of a 
hei^t d, and with the upper surface coincident with the sea surface. 
It is assumed that a current, whose velocity, V, may vary horizontally 
and with depth, flows through the column from left to right. Then, 
with Cpfi^d^/dz as the rate of vertical transport of heat, we may 
diagram the flow of heat through the column as indicated in the figure. 
Therefore: 

pCp £ VMzdy + Q. H- {Cpfip = 

pCp £ ^ + Qa + Q« + 0» + Qi ~ AQ,. (1) 

During the winter months in middle latitudes, the combined radia- 
tion term (Qj, — AQ,) is sufficiently small, compared to the other 
terms, to be neglected in the present discussion. Thus, at about 40® N 
lat., the average values of Qt and Q* from a clear sky are: 

Q, = 0.0019; 

Qi = 0.0030. 

Qb — Q» = 0.0011 g.cal./sec., and, as nearly all of Q, is absorbed 
in the upper few meters, Qj — Q» may be taken as equal to Qb — aQ,. 
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The net vertical advection will not be important for small values 
of d, and by taking the horizontal area sufficiently small, we may 
neglect the horizontal advection. Therefore, in studying the heat 
flow of a shallow surface layer, we need not consider the net advection 
term. 





rvt ri 

m/yi m/0 


V 1- dxdzdy, and may approximate equation 1 

OX 


by iC 3 ^gd&/dz)i = Q* + Q,. Eeplacing (ji,d^/dz)a by nM/z', where 
is the temperature difference between the surface and a depth 
and where p# is the average eddy conductivity, one obtains 




z’(Qh + Q.) 


( 2 ) 


The remaining terms can be written as follows (Burke, 1945; 
Sverdrup etal., 1942): = Cp'p'yWi^w — ^»); Q* = Lp'y^U(qw — Qa)- 

Then: 

■ . oWz'!C„'(^« + t»a) + L(g„ - g.)l . 


( 3 ) 
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With the numerical values, Cp = 1, Cp' = 0.245, p' = 1.25 X 10^ 
and L = 585 0. 

A,? = 3 06t77V[»«. - ^» + 2.4( g » - g„ )l ^ ^ 

where V is expressed in meters per second, s' in meters, and g in parts 
per mille. 

According to Rossby (1936), when U exceeds 6 meters per second 
the sea surface behaves as a hydrodynamically rough surface with 
respect to the wind, and = 2.6 X 10~®, while for (7 < 6 m /sec., the 
sea surface behaves as hydrodynamically smooth, and an average 
value of y® of about 7 4 X 10^ applies to wind velocities of 2 to 6 m./sec. 

The depression of the wet bulb over the Kuroshio (U.S. Dept. Agrio , 
1940) indicates that the relative humidity of the air is about 80 per 
cent and, using this value, qa can be obtained from the air temperature. 

Numerical values for equation 4 calculated with the above values 
and for s' = 10 meters may be read from the graph in pigubb 2. 


* 1 ^ *“ 'lA* 



Tigusb 2. 
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The Development of Salinity Gradients 

The salinity gradient may be examined in a similar manner. When 
a unit mass of water, with a salinity, S, is brought to the surface by 
turbulence, its salinity is increased by evaporation and becomes 
S/1 E, With ds/dt = dz and E, the evaporation, equal to 
py^TJ{qw — qa), we obtain: 

A;g = ^/p Vtr(ga ~ q ^) 

by reasoning similar to that employed to obtain equation 3. 

Numerical values for equation 6 calculated for z' = 10 meters, 
S 36 00%, and using the same values of p' and as in equation 4, 
may be read from figure 2. ^ 



ruiiitt \ 

Explanation of tigubes 2 and S 

Both diagrams are used in a similar way, and the manner in which 
this is done may be illustrated by the following example, which has 
been entered upon pioueb 2 in broken lines: 



WIND VELOCITY IN METERS PER SECOND VELOCITY IN METERS PER SECOND 

FiauM 4. Values of the eddy conductivity computed from the Mcmm data. Figurb 5. Values of the eddy diffusivity computed from the Manm data. 

Figures over points indicate number of observations, O =* November data; • = January-March data. 






ARMSTRONG; INSTABILITY IN THE OCEAN SURFACE 807 


Given: — t>a = 4®, = 20°, 77 = 4 m./scc., 

jutf = 20 g. cul./cm.Vscc., z' — 20 meters; find At>ao-o. 

(1) Enter figueb 1 with tJ,® — = 4° at the top right-hand scale 

and read down to = 20°. 

(2) From the point found in (1 ) , read across to C7 = 4. 

(3) From the point found in (2) , read down to = 2. 

(4) From the point found in (3), read across to the scale and find 
0.75°. As moving the decimal point over 1 place to the left in /t, 
requires shifting the point 1 place to the ri^it in A)?, A^io-o = 0.075°, 
A^ao-o “ 0.15° G. 

Answered. 


Comparison of Theory with Hydrographic Data 

The most readily available data, which include the air temperature 
and the velocity of the wind, arc those obtained by the Mansu in the 
Kuroshio during the winters of 1925 to 1928 (Imperial Japanese Navy, 
1933) . After the elimination of stations located in areas where there 
was danger of contamination by run-off water, there were available 
39 observations made in November, 1925, and 28 made at various times 
in January, February, and March from 1926 to 1928. 

The data were averaged by classes corresponding to wind velocities 
of 1-3, 4-5, 6-7, 8-10 and 11-15 meters per second, z" as the deptii to 
the deepest observation showing a temperature increase, and the values 
of Hi and computed by means of exjuations 4 and 5. The results 
are shown in figures 4 and 5. The values obtained for are in 
general agreement with the range 12-135 publislicd by Suda (1936). 
Suda’s values were derived from a consideration of the annual march 
of temperature at various levels, and thus represent the average over 
the entire year. They arc not, therefore, strictly comparable to values 
obtained from equations 4 and 5. 

The somewhat unexpected result that jii > n» may be further ex- 
amined in data for which the wind velocity is lacking, by making use 

of the relation ^ = 7.0 + 16.1 derived from equations 

' /*• 3o — ffts 

4 apd 5. The best data available for this purpose are from four sec- 
tions rjm across the Kuroshio during the winters of 1929, 1930, and 
1937 (Tokyo Imperial Fisheries Station). As may be seen in tabub 1, 

^ > 1 in each case. , 
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Table 1 

Data from Sections Running S SE off Ashizubisaki 

The station closest to land has been omitted in each case. The data from all 
other stations have been averaged for each section. 


Section 

No. of 
obs. 


Ou, 



AS 

M 

/** 

Jan. 14^15, 1929 


6 2 

19.9 

21 5 

0.24 

0 13 

4.3 

Feb. 7-S, 1930 


6.0 

19.4 

16.0 

0.18 

0.24 

30.0 

Dec. 7 , 1930 


17.4 

22.1 

10 6 

0.12 

0 09 

2.2 

Feb. 3-4, 1937 

H 

13 7 

20 0 

10.3 

0.10 

0 06 

12.0 


Discussion 

It was concluded that the recorded instability was of an order of 
magnitude that could indeed be maintained by tiie cooling of the sur- 
face water. The observations were, therefore, included in the studies 
made for the Navy. 
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WIND VELOCITY IN METERS PER SECOND 

Figcsb 6. Values for the ratio oomputed from the Mansu da^ Figures over points in 
dicate number of observations. O « November data; • » Januaiy-Maxoh data. 
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Perhaps the most interesting result is that > //.*. It may be 
noted that the ratio of the rate of molecular conductivity is very nearly 
70 times the molecular diffusivity in sea water. In figure 6, it may be 
seen that the ratio appears to approach this value at zero wind velocity, 
and that may equal /jta at very large wind velocities. While our 
studies have not so far indicated the nature of the mechanisms, this 

would seem to suggest tiiat the change in the ratio — may be related 

to the physical size and mean velocity of elements of water involved 
in the turbulent process. 
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DISCUSSION OF THE PAPER 

Dr. R. B. Montgomery (Wooda Hole Oceanographic Institution, Woods HoU, 
Massachusetts) : 

In order to estimate the degree of instability that m^ exist below the sea 
surface, Mr. Armstrong has made certain assumptions, without emphasizing the 
uncertainty that they introduce. The neatest uncertainty appears to lie in the 
assumption of constant temperature gradient and constant eddy conductivity from 
the sea surface down to depths as great as 20 meters. In contrast, the conductivity 
presumably has the molecular value at the sea surface and increase with depth 
by several powers of ten. The temperature gradient, correspondingly, is very 
large next to the surface and is very sm^ even at a depth of only one meter, as 
was indicated in my schematic illustrations,* However, since the so-called sur^ 

* Moatgomexy, B. B. Introduction: problems concerning convective layers. 
Ann. N. T. Acad. Soi. 48(8): 707-714. 
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face water temperatures were undoubtedly measured at a depth of about a meter 
rather than at the surface, this assumption is probably not so serious as to affect 
the order of magnitude of the results obtained. 

Another assumption is involved in the use of Burke's formula to compute the 
heat transfer to the air. In deriving his formula, Burke has assumed, without 
any discussion, that the transfer of heat is identically similar to the transfer of 
momentum. As I have had occasion to point out previously, it does not apipear 

E ossible that heat and momentum are similarly transferred through the laminar 
oundary layer. Support for Burke's formula is to be found in the marked suc- 
cess he attained in estimates of air temperature, and in the observations of tem- 
perature gradients above the sea surface recently published by Dr. Sverdrup. 
Even though the formula may be based on an erroneous assumption, it there- 
fore appears to be approximately correct. 

Although the approximations that Mr. Armstrong has had to make prevent his 
results from havmg great accuracy, I do not see that the order of magnitude 
should be affected. 1 should like to point out that his estimate of the degree of 
instability that can occur in the ocean is of interest and value, especially because 
it appears to be the first that has been attempted. 



REMARKS ON PROBLEMS OF INSTRUMENTATION 
FOR ATMOSPHERIC CONVECTION STUDIES 

By Horace R. Byers 

Director, Thunderstorm Project, U. 8. Weather Bureav, Chicago, Illinois 

Given the resources for all reasonable measurements of convection 
which one may deske, it is still a difficult problem to obtain meaning- 
ful data, because of the inadequacy of present-day meteorological in- 
strumental development. That is one of the serious problems we are 
having to solve in the Thunderstorm Project.* 

First, let us take, for example, the instruments for the surface 
micronetwork. We want to obtain, over five-minute periods, the 
wind, rainfall, pressure change, temperature, and humidity at 55 re- 
cording stations. For the last tibree elements, we are using the stand- 
ard recording instruments: the microbarograph and hygrothermograph, 
each with speeded-up clock drums so as to obtain the required time 
resolution. To make the Fries weighing rain gauge more open in scale, 
we simply increased the area of catch by installing a wider mouth, 
and we speeded up the clock. We find no justification in the litera- 
ture for sizes selected for rain gauges. It is, therefore, assumed that 
the diameter may be varied to suit convenience. 

The big problem concerning surface instruments comes in connec- 
tion with wind measurements. It is disturbing to find that existing 
instruments capable of writing a record of wind direction and speed in 
terms of gusts or even short-period (1 to 2-minute) variations cost 
about $2000 or more. Furthermore, they require commercial power, 
which we do not have available over our micronetwork. We have ob- 
tained the relatively inexpensive Signal Corps Lionel-Sangamo gen- 
erating magneto-t 3 q>e wind instruments and have modified them from 
dial indicating to recording. For our 55 stations, we need 110 Ester- 
line-Angus recorders, one for wind direction and another for speed at 
each station. Rectifying for speed recording is a simple matter. For 
direction recording, the wind vane is made to turn a contactor on a 
resistor, the resistance being a function of position of the contactor, 
hence wind direction. Power is supplied by batteries. 

•For a desoriptlon of the Thundwetorm Project, see; BtiU. Am. Met Soc. 
an 14S-14S. IMS. 
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It should be a simple matter to develop a loss elaborate system, 
especially one not requiring two E. A. recorders, but we have not had 
time to do more than modify existing equipment. 

In the matter of upper-air measurements, we find tliat neither tlie 
balloon nor the airplane is easily adapted to tlio kind of measure- 
ments desired for convection studies. If one wants to get the vertical 
air velocities in the atmosphere from balloons by means of an air- 
speed indicator or rate-of-climb instrument, one is confronted by the 
fact that the ascent of the balloon varies even in still air. This is 
partly due to the nonspherical shape of the balloon, and partly to 
ehangeable drag coefficient. Because of kregular shape, the balloon 
presents different cross-sections to the air stream, thus varying the 
speed of ascent. If drag coefficient is plotted against Keynolds num- 
ber, it is found that the conditions of our ascending balloons place 
them in an unstable portion of the curve, with drag coefficient subject 
to variation. At the University of Chicago, there has been developed 
the so-called Tf -sonde, comprising combined radio-transmitting ver- 
tical air-speed and rate-of-climb instruments, which measure the ver- 
tical air velocity w from the ascending balloon from the relation: 

w — c — a, 

where c is the rate of climb and a is tiie upward air-speed of the bal- 
loon. The quantity c is determined hydrostatically from pressure, 
pressure change, and temperature. The air speed is measured by a 
windmill and the pressure variation through the action of bellows in an 
alternately closed and opened chamber.* 

Airplanes are not entirely suitable for convection studies, because 
of their high speed and other factors. The airplanes in the Thunder- 
storm Project are equipped with the NACA instiuments for measur- 
ing gusts and drafts. These instruments consist of air speed, alti- 
meter, accelerometer, and control-position recording. The Aircraft 
Loads Division of NACA has developed an excellent technique for 
evaluating gusts and vertical currents from these records when the 
airplane is flown with a minimum of conti'ol. To obtain the desired 
data is not a simple matter, however, and it is also likely that, in 
some cases, the assumptions that are made, connecting these reactions 
of the airplane to the actual forces of nature, are not completely ap- 
plicable. 

The measurement of temperature from an airplane is extremely un- 
reliable. The msiin difficulty comes from dynamic heating effects. 

* This pressure variometer has now been redesigned (1947) to operate on an 
entirely different principle. 
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Lag of tempcratui'c elomcnts it> also bcrious. For our project, we have 
obtained the mo&t benbitive temperature clement available: the 
toothpick-bizc ceramic rohiblor known ab the “thermistor.” Its lag is 
practically negligible, and, heeaubc ol its small mass, various mass 
heating effects almoht dibappear. 

However, we want to constuict a housing for the element, and here 
we run into unknown factors. We have made a streamlined housing, 
about one inch in diameter and five inches long, with perforations in 
the head and tail for air passage. Baffles are installed to reduce the 
air speed inside, and a hole is placed just below these for water to 
drain out. We still have to make tests to see whether the air flows 
through the housing as we expect it to do.* 

Posbibic evaporation of water on the baffles during cloud flying pre- 
sents another unknown factor. One must be careful in designing and 
using such equipment, lest the temperature of the relatively massive 
housing be measured instead of that of the (relatively) nearly massless 
thermistor. 

In conclusion, 1 should like to point out that much work in develop- 
ing instnimcnls still needs to bo done, in order to obtain completely 
reliable data in atmospheric convection studies. We are doing some 
research on this kind of instrumentation, and it is hoped that others 
interested or engaged in convection studios will contribute to this de- 
velopment. 


• This housing has now (1947) been teeted in the Wright Field icing wind tun- 
nel and found unsatisfactory. A new design is being used. 




EFFECT OF EARTH’S ROTATION UPON 
CONVECTION CELLS* 


By Walter H. Munk 


The Soipps Institution 0} Oceanography, La JoUa, California 


Woodcock^ has presented evidence that the Portuguese man-of-war 
is consistently driven to the left of the wind in the northern hemi- 
sphere, and probably to the right of the wind in the southern hemi- 
sphere. This peculiar behavior, he points out, improves the animal’s 
chance for survival if it sails tlirough water divided into asymmetrical 
convection cells, such as the ones he has measured in the North Atlantic 
and the Gulf of Mexico. In figure 1, the vertical plane of the cells is 
at a ri^t angle to the wind direction. An observer in the northern 
hemisphere looking down-wind would find the clockwise vortex better 
developed than the counterclockwise vortex. Woodcock suggests that 
this asymmetry is the result of the Coriolis force. 

An exact dynamical analysis of the problem is difficult, but an esti- 
mate of the effect of the earth’s rotation can be made with the aid of 
Bjerkness’ circulation theorem. The circulation theory is usually 
written in the form 

f = (.) 

where C is the cii’culfttion around a closed ebeuit, and Ag the area 
surrounded by this circuit, when projected upon the equatorial plane; N 
is the number of solenoids which are maintained by evaporation at the 
surface, and 

20 = 1.46 X 10“* sec.-' (2) 

is the double angular velocity of the earth. 

Cyclonic circulation is taken as positive. The negative sign in 
EQUATION 1 means, therefore, that a growth of the convection cell tends 
to bring about anti-cyclonic circulation. If, for example, a circular 
disc were to rotate about an axis fixed to the earth’s surface, and this 


* Contribution from the Soripps Institution of Oceanography. New Ser ies , No. 
812. This work represents results of research carried out for toe 
Office, the Office of Naval Research and toe Bureau of Ships of toe Navy Depart- 
ment under contract with the University of California. 
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disc were to expand, its rotation would lag increasingly behind that of 
the earth’s surface. To an observer on the earth’s surface, the disc 
would develop an anti-cyclonic rotation. 


TOP VIEW 



Figcrf 1 Ideali7od dialing ol asMiimctiwal votticos, auoiUmg to Woodcock, 1944 

The growth of convection cells could perhaps be visualized in the 
following manner. As the wind first starts blowing, evaporation cools 
a thin surface layer, and the resulting instability stimulates the forma- 
tion of vortices. There is, a priori, no reason why these vortices should 
be cyclonic or anti-cyclonic. But the cyclonic vortices, expanding 
under the sustained action of the instability forces (the solenoids N) 
must work against the inertial forces of the earth’s rotation, and their 
development is retarded. Anti-cyclonic vortices are assisted in their 
growth by tlie earth’s rotation. The final result is the development of 
full-scale anti-cyclonic vortices, separated by secondary cyclonic vor- 
tices. 

This concept is in disagi’eement with Rayleigh’s convection cell theory, 
according to which the dimensions of the cell are independent of the 
instability forces, and the area should not increase during the early 
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development of the cells. For that case, equation 1 shows at once 
that there should be no systematic difference between cyclonic and 
anti-cyclonic circulation. Rayleigh’s theory deals, however, with a 
laminar flow pattern, and there has as yet been no evidence that it can 
be applied to the turbulent processes in the ocean and atmosphere. 

The terms “circulation,” “cyclonic,” and “anti-cyclonic” are usually 
applied only to motions in horizontal surfaces, but they can be applied 
just as well to motion in a locally vertical plane (pigubb 2).* Figubb 



H 


A Cii dilation m plane tangent to earth’s surface. 
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2A refers to the usual motion along the earth’s surface. Anti-cyclonic 
circulation in the equatorial plane corresponds to clockwise circulation 
in the northern hemisphere, counter-clockwise circulation in the south- 
ern hemisphere. In each case, the observer is looking down upon the 
sea surface. The effect of the earth’s rotation is proportional to the 
projection of the area on the equatorial plane, and therefore a maxi- 
mum at the poles and zero at the equator. 

Figtjbb 2B shows vertical cells in a meridian plane. This corre- 
sponds to the orientation of convection cells resulting from an east or 
west wind. The projected area upon the equatorial plane is zero, and 
the Coriolis term disappears from the circulation equation. Therefore, 

(1) East or west winds generate convection cells of minimum or 
zero asymmetry. 

Figttbb 2C shows vertical cells in an east-west plane, resulting from 
north or south winds. Anti-cyclonic circulation is clockwise in both 
hemispheres’, and the earth’s rotation effect is at a maximum at the 
equator. Therefore, 

(2) North or south winds generate convection cells of maximum 
asymmetiy. 

(3) The asymmetry is largest at the equator, smallest at the poles. 

(4) The sense of asymmetry depends upon the wind direction, 
and not upon whether the convection cells are formed in the 
northern or southern hemisphere. 

Conclusion (4) is in disagreement with Woodcock’s observations re- 
garding the movement of Portuguese men-of-war in both hemispheres. 

(6) To an observer looking down-wind, the clockwise vortices 
should predominate during a north wind, the counter-clock- 
wise vortices during a south wind. 

This again disagrees with Woodcock’s findings. During 18 measure- 
ments in the Gulf of Mexico, the wind had a small southward com- 
ponent, yet the large vortices were predominantly clockwise. 

The nature of the asymmetry derived from tlie circulation theory 
does not agree at all with the observed pattern. Perhaps the magni- 
tude of the Coriolis force is so small compared to the other forces pres- 
ent that its effect upon the convection cells should be neglected. As- 
sume, as a very rough approximation, a circular convection cell of radius 
r, and velocity v around the periphery. Actually, tiie convection cell 
will not be circular, nor is circular motion required for the application 
of the circulation theory. However, the assumption of circular motion 
renders the result in a simpler form without sacrificing the order of 
noagnitude. The angular velocity a = v/r, and the circulation 

C = V 2nrr = 2uA, 
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where A is the area of the cell in its vertical plane. Let 6 designate 
latitude and a the wind direction measured clockwise from the north. 
The projected area upon the equatorial plane will always be taken as 
positive, and equals 

A, = A cos B (cos «]. 

The circulation theorem (equation 1) can now be written in the form: 

JV = ^ I 2A(m + cos 9 [cos a])| • (3) 

The importance of the Coriolis term depends upon the ratio 

0 cos d [cos g] 

A very similar ratio appears in Stommel’s much more rigorous analysis 
of the effect of the earth's rotation upon the stability (rather than 
asynunetry) of convection cells. For a northwest wind in latitude 
30°, and for r = 5 meters, u = 2 cm./sec., the ratio equals about 0.01. 
The forces required to generate anti-cyclonic circulation are about 2 
per cent smaller than for cyclonic circulation. It does not seem likely 
that such a small difference could account for the asymmetry of the 
convection cells, and, even if it did, it has been shown that the derived 
pattern differs in two respects from the observed one. 

Perhaps the asymmetry of the conveetion cells is related to the sur- 
face current induced by wind and wave action. This current has a 
velocity of the order of 2 per cent of the wind velocity, and it is directed 
approximately 45° from the wind direction, to the ri^t in the northern 
hemisphere, to the left in the southern hemisphere (eigubb 3) . Add- 
ing this surface current vcctorially to a symmetrical convection pattern 
gives a resultant system quite similar to the one observed by Wood- 
cock (figubb 1). This oxplanalion is, of course, very incomplete, 
since it docs not even take into account changes of current velocity 
and direction with depth. It docs, however, offer a possible explana- 
tion, according to which the asymmetry of the convection cells is 
brou^t about not by a direct action of the earth’s rotation upon the 
convective motion, but by the effect of the Coriolis force upon the sur- 
face current, which in turn distorts the convection cells into the ob- 
served asymmetrical pattern. 

Without going further into theoretical considerations, it should be 
relatively easy to choose between the hypotheses, on the basis of a few 
critical observations. If the currents are responsible, then the assrm- 
metry is independent of wind direction, and changes sign at the equa- 
tor. If the direct Coriolis force is responsible, then the asymmetry 
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FiauBC 3. Effect of wind and wa%'o current on convection pattern. 


should depend upon wind direction, but its sense sliould be the same 
in both hemispheres. In this connection, a plot of the asymmetry 
parameter (equation 4) against observed asymmetry could be useful. 
From these conclusions, some of tlie characteristics of the convection 
cells themselves could be deduced, such as whether and how fast the 
cells grow, and certain limits regarding the speed of convective move- 
ment. 

In closing, a brief remark about Stommcl’s work® on tlic effect of the 
earth’s rotation upon the stability of convection cells may be of in- 
terest. His rigorous approach is based upon the development of the 
Eulerian equations of motion and loads to a partial differential equa- 
tion of the eighth order. The circulation theory, on the other Iiand, 
provides a less rigorous, but more intuitive and much simpler method 
of attack, which seems particularly well adapted to some of the prob- 
lems dealing witli convection in tlic atmosphere and ocean. 
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STRUCTURE OF HURRICANES AS DETERMINED 

BY RADAR 

By Habby WBXiiBE 
U. S. Weather Bureau, Washington, D. C. 

INTRODUCTION 

The meteorologist views the atmosphere and its processes essentially 
through two eyepieces of quite different properties. The first, or 
microscopic eyepiece, enables him to observe visually local weather 
such as clouds, precipitation, and haze within a distance of rou^ly 
20 miles. In many cases, especially during bad weather when it is 
important to know what is going on, the observer’s vision is greatly 
reduced. At best, even under good visibility, this eyepiece reveals to 
the meteorologist only a few threads of the large fabric of the atmos- 
phere, and sometimes this microscopic view gives misleading informa- 
tion concerning the design and speed of the approaching weather. 

The second, or macroscopic eyepiece, is the synoptic weather map 
covering a large area equal to that of the United States or the Northern 
Hemisphere. On these charts are plotted numerous weather reports 
as observed microscopically by observers at many stations. The 
meteorologist looks at these reports, draws lines on the charts to 
segregate the various types of observations, and attempts to form 
a mental picture of the atmospheric processes in operation over the 
area. He interpolates between the reports to visualize what is oc- 
curring between individual stations, and then synthesizes the numerous 
plotted reports to detennine the circulation patterns. The area cov- 
ered by these stations is an extremely small fraction of the total area, 
and the meteorologist relies on the “representativeness” of the observa- 
tions at one station to estiraalc the weather occurring over a large area 
surrounding the station. The weakness of the macroscopic approach 
is that it attempts to create a threc-dimensionally continuous picture 
out of a small number of scattered surface observations and even 
fewer upper-air observations. Thus, this form of vision, while it re- 
veals a simplified picture of the grand features of atmospheric proc- 
esses, is not able to perceive the smaller and more intricate details 
which comprise weather. 
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The continuous, but limited, view of local weather obtained by look- 
ing at the sky, and the discontinuous, but unlimited, view of the large- 
scale weather portrayed on synoptic weather maps, are undoubtedly 
the reasons for the fundamental conflict between the weather fore- 
caster and the people he tries to serve. The forecaster, by basing his 
calculations on coarse-featured weaiJier maps, cannot predict the fine 
detail which to the eye observer represents the weather, and by which 
the validity of the forecast is Judged. 

Two new weather-observing techniques were developed in World 
War n which promise to fill in the gap between the eye view and the 
synoptic weather chart view. By means of aircraft weather recon- 
naissance, the weather observer has enlarged his field of vision, al- 
though, in so doing, he has lost simultaneity of view, which, however, is 
not usually a serious handicap for ordinary forecasting. More serious 
is the objection that, despite the increase in area over which the eye 
observer obtains a continuous view of the atmosphere, the observations 
are made and transmitted at regular intervals. Thus, as far as the 
forecaster is concerned, aircraft weather reconnaissance yields only an 
increase in the number of discrete weather reports, although it must be 
admitted that these fill in otherwise blank preas. 

RADAR STORM DETECTION 

A more important event to meteorology was the development of 
radar and the probably accidental discovery that it serves as an 
admirable weather-observing instrument. No one knows who was 
the first to peer into a radar scope and decide that certain radio echoes 
were caused by weather phenomena and not by aircraft. At any 
event, the significance of this new tool was quickly realized, and it was 
used to great advantage by pilots and meteorologists in avoiding areas 
of strong echoes as shown on the scope, since these usually, but not 
always, were associated with turbulence, rain, and generally poor fly- 
ing weather. The radio physicists, studying the problem at about 
the same time, found that electromagnetic energy of centimeter wave- 
lengths was reflected from water droplets and that the intensity 
of the reflected energy was proportional to the summation of the sixth 
power of the radii of the droplets illuminated, and inversely propor- 
tional to the square of the range.^> * It was soon observed tiiat non- 
predpitating clouds did not reflect sufficient energy to be indicated 
on the radar scope. This was ascribed to the small average size of the 
cloud droplets. Clouds from which drizzle and light precipitation were 
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falling were also not discernible except at short distances, but clouds 
of moderate and heavy rainfall were almost always detected by radar 
within range of the set, provided attentuation was not too great. 

Numerous reports appeared in the highly classified military litera- 
ture about “radar storm detection,” and some of these are now appear- 
ing in civilian jornmls (see, for example, Maynard®), with illustra- 
tions of cold fronts, warm fronts, shower areas, and hurricanes as they 
appear on the radar scope. Many of these radar scope photographs 
revealed the existence of large-scale convective patterns whose pres- 
ence was not suspected by observations of the local sky or by inspect- 
ing the synoptic weather chart. One of the most striking of Uiese 
patterns is that of the hurricane, and it is the purpose of this paper to 
discuss principally the Florida hurricane of September 14-15, 1946, 
which was observed by hi^-power, long-range radar at the Army Air 
Forces Center, Orlando, Florida. Radar scopes were photographed 
both by still and motion picture cameras. The author started his 
study of these photographs while still a member of the Air Weather 
Service and, thanks to the courtesy of Colonel L. A. Walker, Staff 
Weather Officer at the AAF Center, he was ^ven access to tiie photo- 
graphs after his return to civilian life. 

THE SEPTEMBER 1945 FLORIDA HURRICANE 

The September 14-16, 1946, Florida hurricane is described by 
Sumner.* In fiovbe: 1 of the present paper, a limited portion of 
the trajectory of this hurricane as detarmined by the synoptic 
weather reports plotted on weather maps drawn by the Army Hurricane 
Officer and checked on maps of the Army Weather Central, and the 
path of the hunicanc center as observed on tlie Orlando radar are 
shown. The two paths are quite similar, with an average difference 
of about 10 miles. The discrepancy in the two paths will be discussed 
later. 

Plate 13 (i) is a photograph of the Orlando radar scope at 1630 EWT 
on September 16, when the hurricane center was 230 miles SSE of 
Orlando. Orlando is at the center of the polar coordinate grid. The 
central white area is caused by reflection from nearby ground objects 
as the radar antenna, directed horizontally, rotates about a vertical 
ftTia Distances between circles are 20 miles each, and the total range 
is 120 miles. The azimuth angle is measured clockwise from Nortii. 
The white arc or “band” shown in plate 13 (i) is an echo from a squall 
line approaching from Southeast. Plates 13 (ii) and (in) show posi- 
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tions of this band at 1644 and 1701, respectively. The band, which is a 
precursor of the approaching hunicane, moves rather regularly and 
maintains its shape. It is 130 miles long and from 7 to 17 miles wide, 
traveling at about 35 miles per hour towards Orlando. Cellular struc- 
ture is noted in its eastern portion. A scattered mass of echoes is seen 
to the west of Orlando. The dots on the scope are the result of inter- 
ference and are not echoes from rain. 



Let us examine the weather sequence accompan 3 nng passage of this 
band at Hendricks Field (176°, 73 miles from Orlando) , Avon Park 
(172°, 63 miles), Bartow (204°, 43 miles), and Melbourne (120°, 68 
miles) , whose locations are shown in hgube 1. 
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The band bhown on the radar photographs in plate 13 passed over 
Hendricks Field at 1620 on September 15. This band is indicated by 
a hatched rectangle in llie lower left corner of pigurb 2, the width of 


WEATHER ELEMENTS AND RADAR BANDS 
FOR HENDRICKS FIELD I76’, 73 MILES 



sifTis sefTt$ 

]<'iouRi} 2. nt^ntUickti Fidd woathei and radar sequence. 

which is proportional to the time tlie baud was present over Hendricks 
Field, and the ordinate of which is proportional to the intensity of the 
band, as detennine<l by the brightness of the echo and portrayed by a 
scale ranging from strong to moderate to weak to very weak. When 
this strong band was obberved to pass over Hendricks Field on the 
Orlando radar, 73 miles away, the weather elements, observed at 
Hendricks Field and plotted on piqtjbe 2, showed passage of a severe 
squall, accompanied by heavy rain, a wind-shift and increase in wind 
speed, a large temperature fall (not shown in figure), and a temporary 
dip and recovery in the pressure trace of about 1 mb. As the huiri- 
cane approached and other bands passed Hendricks Field, it is seen 
that the weather elements underwent similar changes to a degree de- 
pending on the intensity of the bands. The correlation between bands 
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and weather is not perfect, as, for example, lack of radar bands at 
1715 and 1800 when light to moderate squalls occurred. This may 
be due to a variety of reasons, some of which arc mentioned below: 

(a) Attenuation of the energy us it passes through 40 or more 
miles of precipitation. Only a small portion of this energy is re- 
flected by distant precipitation, and the weak reflected energy has to 
return through the same 40 miles of precipitation, suffering further 
attenuation. 

(b) The raindrops may be so few in number and of such small size 
that the reflected energy would be too small to be received by the radar 
set even if there were no intervening rain attenuation. That these 
properties of raindrops cannot always be deduced from the visual 
weather observations, will be demonstrated in figube 5, which shows 
the recording precipitation gauge trace and observed weather reports 
for Melbourne. In other words, an observer’s visual observation of a 
shower or moderate squall may not always indicate the presence of 
moderate or heavy rain, which is necessary to return an echo at such 
large distances from the radar set. 

(c) Because the radar transmitter sends its energy out nearly hori- 
zontally in practically straight lines (atmospheric refraction being 
very small under these prevailing weather conditions), by the time 
the radar beam has traveled 73 miles its mean height is 9,000 feet 
above the earth’s surface and is reflected from raindrops from a fairly 
thick vertical layer. Because of vertical wind shear, the raindrops 
falling from this hei^t might be observed to strike the ground at some 
distance from the parent cloud. This explanation might account for 
small discrepancies between thne of radar band passage and squall or 
shower occurrence, but not the major discrepancies which are present. 

The correlation of radar bands and weatlier elements at Avon Park 
(fiqtibb 3) and Bartow (figure 4) is very similar to that of Hendricks 
Field. All three stations show the continuance of heavy squalls and 
rain immediately after the pressure minimum has passed, but with no 
radar echo present. This puzzling feature may indicate that the layer 
of origin of the rain after the storm center has passed is so low that 
the radar beam does not intercept it. 

At Melbourne (figure 5), the precipitation record shows a very 
good correlation with the radar bands. As each of the bands pass, 
heavy showers occur, some of them depositing more than one inch an 
hour. (The total amount of precipitation was 8^ inches in 23 hours.) 
Kote that, althou^ the observer reports showers or light rain at 1800 
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WEATHen ELSMEMrS AND -RADAR BANOS 
FOR 'MELBOURNE lEO’. 58 MILES 



m4S starts st^T m 


Figubb 5 Melbourne weather and ladnr sequence 

and 1940, these do not make any significant contribution to the amount 
of rainfall. 

In summary, we may interpret the radar bands as regions where 
water droplets exist of a size and number large onou^ to cause re- 
flection and detection of the incident radar beam. For these water- 
drops to be formed and held in suspension until they grow so large 
that they fall to the ground as rain, must mean that sizable upward 
currents are present.® The radar bands thus indicate the presence of 
upward currents and the spaces in between the bands indicate down- 
ward ciirrents, although these intervening spaces may have shallow 
stiatus from which intermittent li^t rain may be falling. The radar 
bands may also be interpreted as the stream-lines of horizontal mo- 
tion. While proof for this statement is not presented here, its truth 
is quite evident from inspection of the motion picture of the Orlando 
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radar scope shown in the AAF film entitled “Radar Exploration of a 
Hurricane.” 

ANALYSIS OF THE HURRICANE BANDS 

Plate 14 (i) is a photograph of the “oH-sct” PPI radar scope showing 
the hurricane at 0220 on September i 6, when the center was 135 miles 
distant from Orlando at 175° azimuth. Note the striated structure 
of the radar bands about the center. These quasi-circular bands were 
first noted in radar observations of the “Great Atlantic Hurricane” 
of September, 1944, made at three different stations : Fort Monmouth, 
New Jersey; Lakehurst Naval Station, New Jersey; and the M.I.T. 
R.adiation Laboratory at Cambridge, Massachusetts. Radar photo- 
graphs taken of a Pacific typhoon in December, 1944, showed a very 
similar stracture. Radar observations of subsequent hurricanes and 
typhoons have verified the circular band pattern, although there seems 
to exist a good deal of variation in the band structure not only from 
storm to storm but also within the same storm, as will be discussed 
below. 

Returning to the September, 1945, Florida hurricane, in plates 14 
(ii) and (iii) and 15 arc shown radar photographs of the storm taken at 
later stages on the 16th, at 0330, 0500, and at about 1900, respectively. 
Whereas in plate 14 (i) it is noted that the bands are nearly circularly 
symmetric about the center, in plate 14 ii, when the storm is neai'er 
Orlando, the pattern is asymmetric, bands being absent in the SW 
quadrant. That this is not caused by rain attenuation, may be seen 
by comparing plate 14 (i) and 14 (ii) , with regard to distance traversed 
by the radar beam through precipitation areas. In plate 14 (iii), the 
clean-cut band structure has degenerated further, and in plate 15 only 
two rather broad bands are found, spiraling inward toward the center. 
Most of the rapid degcnoralion of tlie original pattern can no doubt be 
ascribed to passage of the storm over laud where increased frictional 
forces and drier air aloft arc introduced. Table 1 summarizes some 
of the gcomctiy of tlio patteras characteristic of the stages of the storm 
occurring in one hour. 

Before discussing the data presented in table 1, let us examine 
similar data for two additional storms, a typhoon in the Philippine Sea 
on December 18, 1944, and a second typhoon observed 150 miles south 
of Kyushu on August 26, 1945. Some of the radar photographs of 
these storms are included in Maynard’s paper,® and in table 2 some 
geometric data for these storms, measured from the photographs, are 
presorted. 
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From examination of the data in tablbs 1 and 2 and the many un- 
published photographs of radar scopes, both still and motion, made 
during the three hurricanes described above, it is possible to draw 
a number of conclusions. 

Definition of the Bands 

All three hurricanes show the existence of quasi-circular bands 
about the hurricane center. Many of these bands, especially those 
near the center (within about 40 miles), are quite distinct and ar- 
ranged in parallel arcs. Others, especially those farthest removed 
from the center, are quite diffuse and show more evidence of a cellular 
or granular structure, probably denoting individual showers. How- 
ever, the clean-cut character of the inner bands can degenerate very 
rapidly into a rather diffuse pattern, as seen, for example, by com- 
paring PLATE 14 (i) with PLATES 14 (ii) and (iii) . The outermost band 
in the Florida hurricane of September, 1945 (plate 13) was observed as 
far away as 200 miles from the center and was quite sharply outlined, 
although somewhat granular in structure. 

Ssunmetry 

The radar scope photographs of the three hurricanes apparently 
show asymmetry in the distribution of the radar bands about the 
center. In the case of the typhoons over the ocean referred to in 
Maynard’s paper,'* the side farthest away from the radar showed an 
almost complete absence of bands. That this was caused by attenua- 
tion of the radar beam, was demonstrated by the fact that, when the 
August, 1945, typhoon moved on, and what was once its farther side 
became the nearer side with respect to the radar set, the radar bands 
on this side became clearly detectable. In the Florida hurricane, 
however, there is definite evidence of developing assrmmetry about 
the center. For example, in plate 14 (i) , where there is some evidence 
of bands on the far side of the hurricane, the apparent lack of sym- 
metry might well be attributed to rain attenuation. However, in 
PLATE 14 (ii) , the absence of bands in the southwest quadrant, compared 
to the northeast quadrant, cannot be explained by rain attenuation, 
since the radio waves in traveling to the southwest quadrant encounter 
a much less extensive rain area than do the waves traversing the 
eastern half of the storm. Additional deterioration of symmetry is 
evident in plate 14 (iii) . One is thus led to the conclusion ■&at, similar 
to the Pacific typhoons, the Florida hurricane was circularly symmetric 
when the storm was over the ocean, but rapidly developed asymmetry 
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in its motion over land. This absence of bands in the southwest 
quadrant is in harmony with cloud and rain observations of previous 
hurricanes passing inland in the United States. A possible explana- 
tion is that the drier continental air enters into the cyclonic circula- 
tion of the storm aloft in the southwest quadrant and causes dissipa- 
tion of the rain and most of the clouds in this quadrant. 

Width of the Bands 

As illustrated in the scope photographs and in tables 1 and 2, the 
band widths vary not only from storm to storm, but also in time and 
space in the same storm. Individual inner bands of the Florida hur- 
ricane vary in width from 3 to 8 miles, while the outer bands are 
wider, in some cases as much as 15 miles. In the Pacific typhoons re- 
ferred to above, the band widths are greater, as much as 20 miles, but 
in the cases of extreme width, definite evidence of multiple sub-bands 
is found, as discussed in the last column of table 2. The width of these 
sub-bands is 3 to 8 miles. Estimating the width of radar bands from 
photographs is rather risky, for in addition to possible errors arising 
from attentuation and malfunctioning of the radar set, there are other 
sources such as: (a) improper adjustment of the “gain control” on 
the radar set which governs the signal magnification; (b) incorrect 
exposure time; and (c) poor developing of the exposed film. 

With regard to reason (a), some of the unpublished radar photo- 
graphs of the August, 1945, typhoon, kindly placed at the disposal of 
the author by Captain H. T. Orville, Officer in Charge, Aerology Sec- 
tion, Office of Chief of Naval Operations, U. S. Navy, showed evi- 
dence of decrease of gain. Within an interval of 15 minutes, there was 
a noticeable narrowing of tiie radar bands toward their centers, and in 
the next 15 minutes they had recovered their ori^nal width. The de- 
crease in gain enables the weakest echoes on the scope to be elinoinated, 
leaving the strongest echoes which are presumably retiuned by the 
largest drops. Hence, by properly decreasing the gain, the distribu- 
tion of tile larger raindrops and, therefore, the largest upward currents 
may be ascertained. On the basis of this reasoning, in the case dis- 
cussed here, the strongest upward velocities are found in the centers of 
the bands, and this is probably true in general. 

Spacing between the Bands 

As with the band widths, the distance between the bands showed 
much variation, ran^ng from 2 to 10 miles for the Florida hurricane 
and being somewhat greater for the Pacific typhoons, with greater 
spadng found for the outer bands. 
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Inward Spiraling of the Bands 

As the reader, armed with a pair of dividers, can determine for him- 
self on tlic radar photographs, and as illustrated in tables 1 and 2, 
there exists considerable spiraling inward of the bands. In these 
tables, the azimuth angle and distance from the storm center of the 
initial (up-wind) and end (down-wind) points of the bands are shown. 
The displacements of individual bands inward toward the center are 
thus easily determined and arc presented in column 9 of tables 1 and 
2. The inward displacement is as much as 26-30 miles for the outer 
bands, and is smaller for the inner bands. In the typhoon photo- 
graphs, some of the bands make more than two complete revolutions 
about the center (see, for example. Figure 9 of Maynard’s paper*) . The 
marked convergence in toward tlie eye of the storm must result in 
strong upward currents at tlic outer edge of the eye. This was de- 
duced in earlier observations by Deppermann,* and Wood and Wexler.* 
The strong echoes of the innermost band, as shown on the radar photo- 
graphs of tlie Pacific typhoons (see Maynard’; much more discernible 
on the original prints) , &vc strong support to ^is conclusion. On the 
other hand, the radar photographs of the Florida storm do not, in gen- 
eral, reveal greater intensity of the innei'most band. 

Eye of the Storm 

On the typhoon radar photographs, the eye of the storm is dis- 
tinctly visible as a clear area. The descending currents characteristic 
of the eye would prevent formation of raindrops and, hence, the eye 
should be expected to appear on the radar scope as a clear area. The 
two Pacific typhoons discussed here show remarkable agreement in 
diameter of the eye, averaging 20 miles for the August 20, 1945, storm 
and 18 miles for tlie December 18, 1944, storm. No such distinct eye 
was apparent in the photographs of the Florida hurricane, althou^ 
quite small clear areas, less than 10 miles wide, were found near the 
center when the storm was first detected by the radar (see, for ex- 
ample, PLATE 14 i). That the Florida hurricane of September 16-16, 
1946, originally possessed an outstanding characteristic of a conven- 
tional eye upon leaving the ocean, is verified by the observations of a 
20-minute lull in wind speed at Carysfort Reef Light, Florida, and a 
50-minute calm at Homestead Army Air Base, Florida, both coastal 
stations over which the center of the hurricane passed.* The absence 
of a clearly defined eye when the storm came into radar range (about 
90 miles inland) , combined with lack of an intense inner band as ob- 
served in the Pacific typhoons, indicates that the central area of the 
hurricane is radically modified by even a short passage over land. 
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A POSSIBLE EXPLANATION OF THE BANDS 


The cxibtonco of the band-like sti'uctiu'e of hurricanes has been dem- 
onstrated by radar obhervutions, surface weather observations, and 
aircraft weatlior reconnaissance obBervatiouB." Trac enough, only a 
few btornih have been investigated, but the agreement found between 
hurricanes in tlie western North Atlantic and typhoons in the western 
North Pacific loads one to believe that the band-like structure is char- 
acteristic of all hun'icanes, at least those fully developed. Further- 
more, it was sliown that, for the storms studied, the band-like pattern 
varies not only from storm to storm, but also in space and time for the 
same storm. An explanation of the bands and their variations will be 
suggested hero. 

During the war, w'hen there was considerable airplane traflSc over 
the tropical oceans, pilots and weather observers noticed tlic frequent 
occurrence of ordered rows of ciunulus clouds separated by clear spaces 
in between, aligned painllel to the wind.**’ The same parallel array 
of cloud bands, thougli on a much larger scale, has been noted on 
flights through the Intertropical Convergence Zone (sometimes called 
the Equatorial Front), where the clouds ai'c often observed in two or 
three parallel bands separated by comparatively clear spaces approxi- 
mately 50 nailes wide.®* These bands in cloud structure had been no- 
ticed previously in extra-ti'opical regions, and G. T. Walker and others 
have investigated their causes in laboratory expei’iments with liquids 
and gases heated from below and subjected to vertical shear. More 
recently, Langmuir and Woodcock have noticed the same effect at the 
sea-surface, both in the surface water and in the lowest layer of the 
air.t 

The longitudinal vortices which create the bands are believed to be 
caused by the combination of vertical wind shear and thermal in- 
stability. However, the exact mechanism has not yet been fully ex- 
plained. Haurwitzj suggests Hiat internal wave motion occurring 
when vertical wind shear is present, may lead to patterns very similar 
to convective patterns observed in the laboratory. As in the case of 
convection, patterns of cellular, polygonal, and longitudinal form may 
be produced by internal waves. Furthermore, internal waves may 
make any angle with the mean wind direction and need not be normal 
to the wind shear, althou^ in general this seems to be verified by ob- 


♦ See, also, AAF Manual 105-0-2, ‘*Troplcal Meteorologry” : 708. 
t For SOI excellent review ot the suWeet, both theoretical and observational, see 
StonmiAL Kem; and Woodoook, ▲. XL, ft Jeffries Wyman, Ann. N. Y. Acad. Scl. 
48(8)3 715-726 and 749-776, respectively, 1946. 

X Kanrwlts, Bernhard. Ann. N. T. Acad. Scl. 48(8) : 727-748. '1946. 
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servations. However, Haurwitz finds that, when the direction of the 
wind shear vector approaches that of the wave direction, the wave 
lengths become smaller and vanish when the two directions coincide. 

Regardlosb of the explanation of these cloud “streets,” their existence 
is beyond doubt. It may bo, as Haurwitz suggests, that there is a con- 
tinuous evolution from internal waves to convective cells, so that the 
air traveling over the surface, having originally no upward currents, 
first develops internal waves, which break down into convective cells. 
Since the wavelength of the internal waves depends on vertical wind 
and density gradients, and since these latter quantities can vary greatly 
over the ocean, it is hardly surprising that the distances between indi- 
vidual cloud streets can change appreciably from day to day.* 

If, now, a circular vortex is introduced into a region of the cloud 
streets originally oriented along the wind, these streets will become 
circular. If the vortex is accompanied by convergence (i.e., if the 
vortex is a “sink”), then these streets or bands will spiral inward 
toward the center. Their width and spacing will change, depending on 
the vertical wind and density gi'adicnts and the distribution and mag- 
nitude of the horizontal convergence associated with the vortex. 

It is believed that this process is essentially that which occurs in the 
formation of the hurricane bands. The prevailing cloud bands are 
drawn into the hurricane circulation, which thereupon accentuates 
those bands of the proper wavelength and dissipates the remaining 
ones. This “resonance" effect causes the clouds comprising the 
“chosen” bands to grow into the cumulo-nimbus type. The resulting 
pattern, as viewed from above, is veiy similar to a spiral nebula. 

A similar theory to account for the hurricane bands has been ad- 
vanced recently by Fletcher." The Intertropical Convergence Zone 
(ITO) , according to Fletcher, is composed of multiple convergence lines 
which, when a hun’icane forms in the Zone, “coil into” its center. 
Although Fle-leher’s explanation is basically the same as that given 
abov(', it suffers from being too restrictive in the following ways: 

(a) Only those* hurricanes fonning on the ITC will, according to 
Fletcher, have the spiral bands. While some hurricanes do form on 
the ITC, the majoiity of them fonn within the region of the sub-trop- 
ical easterlies. 

(b) Since the bands have been observed in hurricanes as far north 
as Boston, Massachusetts (42° latitude), it is not believed possible 
that these could be renonants of the original convergence lines found 
on the ITC 2000 or more miles to the south. 

* See, for example, Pori)©*/** where the distance changes from 700 feet to 1500 
feet in one day. 
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PATH OF THE FLORIDA HURRICANE 

In attempting to explain the deviations in the path of the Florida 
hurricane of September, 1945, as determined by weather reports and by 
radar observations (figube 1), tlie following explanations come to 
mind: 


Tilt of Axis of the Hurricane with Height 

Since the radar beam travels essentially in straight lines from the 
transmitter pointed horizontally, it is found at progressively greater 
heights, the farther away it is from the transmitter. When the hurri- 
cane is 100 miles from the transmitter, the center of the beam is found 
at 11,000 feet above the surface. Hence, the discrepancy between the 
paths might be explained by the fact that the hurricane center of the 
surface is located by means of the surface weather reports, whereas 
the radar locates the hurricane center aloft. If the axis of the hurri- 
cane has sufficient tilt with height and in the right direction, then this 
might seem to be a satisfactory solution. However, there are two ob- 
jections to this reasoning: (1) To cause a slope in the axis of the hur- 
ricane center of 20 miles horizontally in 11,000 feet vertically, would 
require a horizontal gradient of the mean virtual temperature of the 
11,000-foot column of air in excess of 35° C. in 20 miles, a value not 
likely to be found even if the hurricane possessed a “warm core.” (2) 
Assuming that such a large horizontal temperature gradient did exist, 
one should not expect it to change sign as the hurricane center moved 
north of Orlando, as indicated by the crossing of the pressure track 
and radar track at this point (figube 1) . 

Ekrors of Determination of the Pressure Center and Radar Center 

The scarcity of weather stations along the path of the hurricane led 
to some leeway in plotting its track. Likewise, the radar determina- 
tions of the center are somewhat uncertain, because of lack of a dis- 
tinct eye and increasing asymmetry of the radar echoes about the 
center. A negative error in azimuth angle of several degrees in the 
Orlando radar is indicated by the crossing of the paths just west of 
Orlando, but technicians at this station stoutly assert that this error 
could be only a few tenths of a degree, at most.* 

* Later reports (September, 1946) from the radar technicians at this station, 
based on additional experience, Indicate possibility of the azimuth of the radar 
set being ofC as much as ±10® if care is not exercised. This error is caused by 
the difCerence in electrical and mechanical orientation of the radar beam with 
varying transmitter frequencies. 
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True Difference between Pressure Center and Rotation Center 

It must be remembered that the weather reports enable the analyst 
to sketch in the isobars and thus find the point of lowest pressure. 
Only rarely, when wind and pressure observations are made in the eye, 
does the analyst have an opportunity to see whether the pressure cen- 
ter of the hurricane is also the center of rotation. Now the radar de- 
termines the center of rotation at successive positions. Shaw,^® in his 
study of cyclones, presents evidence showing that the two centers are 
not necessarily coincident. Deppermann® shows pressure and wind 
data for three stations passed over by the eye of the Philippine typhoon 
of November 28-29, 1934, which show quite clearly that the wind and 
barometric centers do not coincide. If one accepts Shaw's explana- 
tion regarding the displacement of the two centers, the difference be- 
tween the radar and pressure paths of the Florida hurricane north of 
Orlando is of the desired sign and magnitude; but there is no explana- 
tion for the change in sign of the difference when the hurricane was 
south of Orlando. 

In closing, it should be stressed that radar offers a very powerful 
diagnostic tool in hurricane investigation, and it is hoped that many 
more additional radar photographs of hurricanes will be obtained, so 
that further light can be thrown on some of the puzzling features of 
hurricane structure discussed in this paper. 

The author acknowledges with gratitude the aid of Lieutenant Ed- 
ward G. King, A.C., in preparing some of the figures. 
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PLATES 13-15 
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Platb 13 

(i) Squall line, 1630 EWT, 15 September, 1945 
(n) Squall line, 1644 EWP, 16 Septemboi, 1945 
(ill) Squall line, 1701 EWT, 15 Septembei , 1945 
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Plate 14 

(i) Hurricane radar pliotogiaph lakon at 0220, 16 Scplombcr, 1945, when center 
was at 135 miles, 175° azimulh. 

(ii) 0330, 16 September, 1945, center at 126 miles, 175° azimuth. 

(iii) 0500, 16 September, 1945, center at 110 miles, 177° azimuth. 
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Pum 15 

Hurricane radar pholoBraph taken at 1000 (about), 16 September, 1945, when 
center was at 60 miles, 0° azimuth. 
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SYNTHESIS OF PTEROYLGLUTAMIC ACID 
(LIVER L. CASEI FACTOR) AND PTEROIC ACID- 

PART n 

The method of synthesis of ptcroic acid deiivatives to be presented 
here was suggested by descriptions in the literature of quaternary 
ammonitun salts as alkylating agents. Snyder, Smith, and Stewart^ 
describe the use of benzyltrimethylammonium salts and dimethylamino- 
methylindole (gramine) in the alkylation of malonic and similar esters 
to yield the corresponding C-benzyl derivatives or substituted esters of 
&cta-(3-indole) propionic acid. 

These and other workers later made use of this type of reaction in 
the preparation of synthetic df-tryptophane.®* * 

The use of simple quaternary ammonium salts in the preparation of 
sulfur® and oxygen®’^^ alkylated derivatives has also been described. 

The use of a tertiary amine to alkylate another amine is reported by 
Howe, Zambito, Snyder, and Tisliler.^ The effectiveness of pyridine as 
the tertiary base component of the quaternary ammoniimi salt, as an 
alkylating agent, was shown by Snyder and Speck.® 

Our efforts were therefore directed at the preparation of a suitable 
pterin for the alkylation of /-aminobenzoylglutamic acid to obtain the 
desired pteroylglutamic acid. The successful use of 2,3-dibromopro- 
pionaJdehyde in the synthesis, described in the previous paper, gave 
an indication of an intermediate which might be suitable. It was found 
tliat the addition of pyridine to a cooled solution of 2,3-dibromopro- 
pionaldchydc in ether gradually gave a precipitate of 'a crystalline 
quaternary salt. This same reaction could be carried out in somewhat 
lower yield in aqueous solution. Tlie quaternary salt was filtered, or 
extracted from the ether layer with water, and the ether solution was 
discarded. The resulting water solution was then added to a solution 
of 2,4,S-triamino-6-hydroxypyriniidine dihydrochloride and potassiimi 
iodide in water. 

The potassium iodide serves to precipitate the less soluble iodide salt. 
On standing overnight at room temperature, some separation of product 
occurred, and, on adjusting the pH to about 3.0, more crystalline 


(iii) 
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material and some brown, amorphous material separated. This crude 
material was purified by reciystallization from water, using activated 
charcoal as a decolorizing agent. The resulting purified N[(2-amino- 
4-hydroxy-6-pteridyl) -methyl] pyridinium iodide occurred as thin, 
lenticular crystals, often resembling those of pteroylglutamic acid itself. 
The analysis for nitrogen and iodine gave values corresponding lo those 
expected for CuHnINeO. 




Br- 

•^Nv-CHaCHBrCHO 


+ Br-CHaCHBrCHO 





Oxidation of this compound, N [ (2-amino-4-hydroxy-6-pteridyl) 
methyl] pyridinium iodide, with hot, alkaline permat^nate solution 
yielded the corresponding 2-amino-4-hydroxypteridine-6-carboxylic add, 
which showed the substituted methyl group to be in the 6- position. 

To prepare the pteroylglutamic add, a mixture of N[(2-amino- 
4-hydrosy-6-pteridyl) methyl] pyridinium iodide, ;^-amino-benzoylglu- 
tamic add, and sodium methylate in ett^lene glycol solution was heated 
to about 140* C. for three hours. 
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This reaction mixture on dilution with water and acidification to 
pH 3.0-3.S gave a product containing about 15 per cent of the biologi- 
cally active material. 


NH. 



ll 



-t- r 

Wh. — i„i 
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./ 




NaOCH, 
> 







/V^Ynh. 

in 


+ 


/N 


where R=OH, pteroic acid 
COOH 

I 

R=NH-CH-CEI*CHtCOOH, pteroylglutanuc acid 


Purification of this material, as previously described, gave a product 
having the physical and biological properties described in a previous 
publication.^ 

By the use of /i-aminobenzoic acid in place of />-amino-benzoylglu- 
tamic acid, a compound was obtained which was active for Streptococcus 
faecaUs R but inactive for Lactobacillus casei and the chick. 
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